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Abstract

Ethylmalonic acid (EMA) is a major and potentially cytotoxic metabolite asso-
ciated with short-chain acyl-CoA dehydrogenase (SCAD) deficiency, a condi-
tion whose status as a disease is uncertain. Unexplained high EMA is observed
in some individuals with complex neurological symptoms, who carry the
SCAD gene (ACADS) variants, c.625G>A and c.511C>T. The variants have a
high allele frequency in the general population, but are significantly overrepre-
sented in individuals with elevated EMA. This has led to the idea that these
variants need to be associated with variants in other genes to cause hyper-
excretion of ethylmalonic acid and possibly a diseased state. Ethylmalonyl-
CoA decarboxylase (ECHDC1) has been described and characterized as an
EMA metabolite repair enzyme, however, its clinical relevance has never been
investigated. In this study, we sequenced the ECHDC1 gene (ECHDCI) in
82 individuals, who were reported with unexplained high EMA levels due to
the presence of the common ACADS variants only. Three individuals with
ACADS c.625G>A variants were found to be heterozygous for ECHDC1 loss-
of-function variants. Knockdown experiments of ECHDC1I, in healthy human
cells with different ACADS c.625G>A genotypes, showed that ECHDCI
haploinsufficiency and homozygosity for the ACADS c.625G>A variant had a
synergistic effect on cellular EMA excretion. This study reports the first cases
of ECHDC1 gene defects in humans and suggests that ECHDC1 may be
involved in elevated EMA excretion in only a small group of individuals with
the common ACADS variants. However, a direct link between ECHDCI1/
ACADS deficiency, EMA and disease could not be proven.
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INTRODUCTION

1 |

Increased urinary excretion of ethylmalonic acid (EMA) is
a biochemical marker for disturbances in the activity of
short-chain acyl-CoA dehydrogenase (SCAD) [EC 1.3.8.1],
an enzyme catalysing the oxidation of short-chain fatty
acids. Primary defects in ACADS [MIM: 606885], encoding
SCAD, have been associated with SCAD deficiency
(SCADD [MIM: 201470]), a condition with uncertain sta-
tus as a disease."? Secondary disturbances of SCAD func-
tion and elevated EMA levels are also seen in
ethylmalonic encephalopathy (EE [MIM: 602473]), caused
by defects in ETHE1 [MIM: 608451]° and in multiple acyl-
CoA dehydrogenation deficiency (MADD [MIM: 231680]),
where SCADD is caused by genetic defects in the electron
transfer flavoproteins (ETF or ETFDH),* or by genetic
defects in flavin synthesis or transport.>”

When SCAD is impaired, its substrate, butyryl-CoA,
accumulates in mitochondria and is partly exported to
the cytosol. Various low-affinity enzymes metabolise
butyryl-CoA: carnitine O-acetyltransferase [EC 2.3.1.137]
converts butyryl-CoA into butyryl-carnitine, propionyl-
CoA carboxylase [EC 6.4.1.3] (mitochondria) and acetyl-
CoA carboxylase [EC 6.4.1.2] (cytosol) convert butyryl-CoA
into ethylmalonyl-CoA, which is then metabolised into
EMA by acyl-CoA hydrolase [EC 3.1.2.20].

Studies on rat brain tissues and human skeletal muscle
cells have shown that EMA may induce mitochondrial
dysfunction with inhibition of the electron transport
chain, oxidative stress and energy deficiency,'®"* whereby
it may contribute to the neuromuscular phenotype that
characterize individuals with elevated levels of EMA.

SCADD is a recessive condition and various rare
ACADS variants associated with high EMA levels
(>20 mmol/mol creatinine) have been identified. In addi-
tion, two common ACADS variants, c.625G>A;p.Gly209-
Ser (dbSNP: 1s1799958) and c¢.511C>T;p.Argl71Trp
(dbSNP: rs1800556), have been associated with SCADD.
The two variants, which impair SCAD folding and stabil-
ity, have a minor allele frequency of 26% and 3% in the
healthy population, respectively (Genome Aggregation
Database—gnomAD, https://www.biorxiv.org/content/10.
1101/531210v3), but are more common in SCADD individ-
uals with minor allele frequencies of 75% and 8%, respec-
tively.”>'® It is still not fully understood why some
individuals with biallelic common ACADS variants or one
common variant in trans with a rare ACADS variant are
healthy, while others develop symptoms with high EMA
levels. These issues have raised the question whether
ACADS variants need to be combined with other variant
genes to cause EMA and possibly disease.

In 2011, Linster et al described a novel player in the reg-
ulation of EMA levels, ethylmalonyl-CoA decarboxylase

(ECHDC1) [EC 4.1.1.94]. ECHDC1 is a metabolite repair
enzyme, whose primary function is to decarboxylate
ethylmalonyl-CoA, the intermediate in the formation of
EMA."” ECHDC1 was also shown to prevent the formation
of methyl- and ethyl-branched fatty acids.® Due to its role
in decreasing EMA formation, partial deficiency in
ECHDC1 could potentially synergize with SCAD variants
to cause EMA aciduria.

In the present work, we investigated the role of
ECHDCI as a genetic factor for elevated EMA excretion
in 82 unrelated SCADD individuals' with unexplained
high EMA levels and bearing the common ACADS vari-
ants only. The additive effect of combined ECHDCI and
ACADS deficiency on EMA formation was further
analysed through in vitro studies.

2 | MATERIAL AND METHODS

2.1 | Study design

The 82 samples included in this study were from symp-
tomatic individuals with symptoms leading to suspicion
of SCAD deficiency and with elevated urinary EMA
(20-498 mmol/mol creatinine), who were referred to
Research Unit for Molecular Medicine, Aarhus Univer-
sity Hospital, Aarhus, Denmark, for genetic evaluation of
SCADD in the years 1992 to 2008. The ACADS gene was
sequenced as described below and the findings reported
to the referring clinical/metabolic department as contri-
bution to the diagnostic work-up of the individuals. The
82 individuals were classified as having unexplained high
EMA levels due to the presence of ACADS susceptibility
variants alone or an ACADS susceptibility variant in
trans with a rare ACADS variant. The samples selected
for DNA analysis came from three groups of individuals:
A) wild-type or heterozygous for ACADS c.625G>A, uri-
nary EMA >20 mmol/mol creatinine (26 individuals); B)
homozygous for ACADS ¢.625G>A or compound hetero-
zygous with ACADS c.625G>A on one allele and ACADS
¢.511C>T on the other allele, EMA excretion >40 mmol/
mol creatinine (48 individuals); C) compound heterozy-
gous with a rare ACADS variant on one allele and ACADS
c.625G>A on the other, EMA excretion >150 mmol/mol
creatinine (8 individuals).

Fibroblasts derived from individuals with ECHDC1
variants were all juvenile and compared to juvenile
healthy fibroblasts: C1 (Cambrex, #CC-2509), C2
(Promocell, #C-12300) and C3 (ATCC, CRL-2450). For
the lentivirus transduction experiments (see below),
DNA derived from juvenile healthy fibroblasts were
sequenced and selected to represent the three possible
ACADS ¢.625G>A genotypes: ACADS c.[=];[=] (Cambrex,
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#CC-2509), ACADS c.[625G>A];[=] (Promocell, #C-12300)
or ACADS c.[625G>A];[625G>A] (kindly provided by
Sarah Young, Duke University).

2.2 | Cell culture

All cells were kept at standard conditions (37°C, 5%
CO,). HEK293T cells (ATCCCRL-11268, Boras, Sweden)
were maintained in Dulbecco's Modified Eagle Medium
(DMEM) (Lonza) supplemented with 10% fetal bovine
serum (FBS) (Sigma-Aldrich), 4 mM t-Glutamine and
100 U/mL Penicillin-Streptomycin Mixture. Fibroblasts
were maintained in standard Roswell Park Memorial
Institute (RPMI) 1640 medium (Lonza) supplemented
with 10% FBS (Sigma-Aldrich), 4 mM r-Glutamine and
100 U/mL Penicillin-Streptomycin Mixture.

2.3 | ACADS and ECHDC1 genomic
sequence analysis

ACADS (GenBank: NM_000017.2) was sequenced as
described previously."” Five mRNA reference sequences/
ECHDCI1 isoforms are reported in NCBI (Gene ID: 55862,
updated on 21-Dec-2019). Primers were designed to cover
exonic and nearby intronic elements of all five isoforms.
DNA variants and locations are reported in relation to iso-
form 1 (GenBank: NM_001002030.1), which is the most
abundantly expressed isoform and the one characterized in
Linster et al."” Exonic elements and flanking intronic regions
of both genes were amplified by conventional PCR and sub-
sequently sequenced on a 3100-Avant Genetic Analyser
using BigDye Terminator v1.1 Cycle Sequencing kit (Applied
Biosystems). Primer sequences can be obtained upon
request. PCRs were carried out in a final volume of 25 pL
using: 2.5 pL. 10x TEMPase buffer (Ampligon), 1.25 pmol of
each dNTP (GE Healthcare), 5 pmol of each primer (DNA
Technology), 1 pL of DNA template (2 pL if bloodspot
DNA), 1 U TEMPase hot start polymerase (Ampligon). PCR
conditions were: one cycle at 96°C for 15 minutes, 35 cycles
at 96°C for 30 seconds, 50°C for 1 minute, 72°C for
1.5 minutes, one cycle at 72°C for 5 minutes. The quality
and quantity of PCR products were validated on a 2% aga-
rose gel using standard methods. Sequence data were
analysed using Sequencer from Gene Codes Corporation.

24 | RNA purification and
quantitative PCR

Total RNA was isolated using TRIzol Reagent (Sigma-
Aldrich), according to the manufacturer’s protocol. RNA

\, SSEM WI ]_Eyj_3

quality was confirmed on a 1.5% agarose gel and its
purity was validated using the Synergy H1 Hybrid Multi-
Mode Microplate Reader, with a 260/280 ratio of 1.8 to
2.1. cDNA was synthesized using iScript cDNA Synthesis
Kit (BioRad) and 500 ng of RNA. cDNA was diluted 1:40
and 4 pL were used as a template for gPCR amplification
in a total reaction volume of 20 pL. RT-qPCR reactions
were performed on the ABI StepOnePlus using TagMan
Fast Universal PCR Master Mix. (Applied Biosystems)
and predesigned hydrolysis probes (TagMan probes)
targeting either ECHDCI (dyed with FAM (Applied Bio-
systems), Entrez: 55862) recognising exon 5/6 boundary
(all ECHDC1 isoforms were detected by the probe) or
GAPDH (dyed with VIC [Life Technologies], Entrez:
2597) targeting exon 3 or POP4 (dyed with FAM (Applied
Biosystems), Entrez: 10775), targeting exon 3/4 boundary.
The reaction conditions were: one cycle at 95°C for
20 seconds, 40 cycles at 95°C for 1 second and one cycle
at 60°C for 20 seconds. Each sample was analysed in trip-
licates. A no-template (nuclease-free water) and a no-
reverse-transcriptase control were included in each plate
for each probe. Based on three independent experiments,
the mean correlation coefficient (R*) was 0.996 + 0.000
and 0.997 + 0.001 and the mean PCR efficiency was
93.207 + 2.468 and 98.306 + 2.442 for the POP4 and
ECHDC1 assay, respectively. Results were calculated
using the standard curve method.

2.5 | Insilico predictions

Splice site strength and activation of putative cryptic
splice sites were analysed using the SpliceSiteFinder-
like,”® MaxEntScan,® NNSplice,”> GeneSplicer® and
Human Splicing Finder 2.4.1.** The analyses were per-
formed using Alamut Visual version 2.10 (Interactive Bio-
software, Rouen, France) with default settings. The allele
frequency of the variants was obtained from gnomAD.
The consequences of ECHDCI c.389T>C;p.Met130Thr
missense variant on protein structure and function were
predicted using PolyPhen-2*° and SIFT,*® while the con-
servation of ECHDC1 p.Gly74 was predicted using
ConsSurf.*’

2.6 | PCR analysis of ECHDCI1 splice
products

To detect putative misspliced ECHDCI mRNAs, cDNA
was amplified by conventional PCR (annealing tempera-
ture 59°C) and sequenced on a 3500 Dx Genetic Analyzer
(Applied Biosystems) as described above. Sequencing
data were analysed using CLC Main Workbench 8.1
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(QIAGEN). A 5 primer (5GACAGCCTCTCTGTCTGG
AAG3'), located in exon 2 and a 3’ primer (5ATGAAC
ATGCATACGGCCATTC3'), located in exon 4, were used
for ECHDCI c.221-4_222delinsTA variant. A 5 primer
(5TAAGTGTTGCGCTGGTTCAAG3'), located in exon
5 and a 3’ primer (5TCGTTCTGTAATGCTTCCTCCA3)
located in exon 6, were used for ECHDCI c.498-36_
498-33del variant.

2.7 | Invitro studies of recombinant
human p.Met130Thr ECHDC1

The human ECHDCI cDNA was amplified from human
liver mRNA and cloned in a pET28a plasmid, essentially
as described in Linster et al,'” using a 5 primer
(5CAGCATATGGCGAAAAGTCTTTTGAAGAC3')  con-
taining a Ndel site (underlined) and the initiating ATG
(in boldface type) and a 3’ primer (5TTGCGGCCGC
TTATTTATTAAATTTTCCTTTCTTAGC3') containing a
Notl site (underlined) and the stop codon (in boldface type).
The p.Met130Thr mutation was produced by site directed
mutagenesis, as previously described.”® The primers used
were 5CCGTATGCATGTTCACGCAAAACACCTTA3' and
STAAGGTGTTTTGCGTGAACATGCATACGG3, where
the mutated nucleotides are underlined. The expression
plasmids encoding either wild-type or p.Met130Thr mutated
ECHDC1 were checked through sequencing and used to
transform E. coli BL21. Protein expression was induced with
04 mM IPTG and cells were harvested after 20 hours of
incubation at 20°C in LB medium. Protein extraction and
purification was performed as previously described.” The
activity of wild-type and p.Met130Thr ECHDC1 was assayed
through the decrease in acid-stable [**Clethylmalonyl-CoA.
Radioactive-labelled ethylmalonyl-CoA and the reaction
was performed as previously described."”

2.8 | Lentivirus production,
transduction and ECHDC1 knockdown

The preparation of lentivirus for ECHDCI knockdown was
done by standard calcium phosphate transfection protocol
in HEK293T cells, as described previously.?

Briefly, 1 x 10" HEK293T cells seeded 1 day prior were
transfected with 40 pg shRNA-encoding pGIPZ lentiviral
transfer vector DNA (Dharmacon) either targeting GAPDH
[MIM: 138400] (shGAPDH), ECHDCI: V2LHS_175832
(shECHDCI#1), V2LHS 277143 (shECHDCI#2), V3LHS_
355398 (ShECHDCI#3), V3LHS_355399 (shECHDCI#4) or
V3LHS 355397 (SshECHDCI#5), or encoding a non-
targeting shRNA (shNonT), along with 10 pg pMD2.G
(Addgene) and 30 pg psPAX (Addgene) in 2.5 M CaCl, and

2x HEPES (50 mM HEPES, 10 mM KCl, 12 mM Dextrose,
280 mM NaCl, 1.5 mM Na,PO, pH 7.05). Supernatant was
collected on day 3 and filtered through a 0.45 pm pore-size
(Sarstedt) before ultracentrifugation in conical tubes
(Beckman Coulter) at 25000 rpm, 4°C, using a Beckman
L8-70M ultracentrifuge. The virus pellet was re-suspended
in Dulbecco's Phosphate-Buffered Saline (DPBS) pH 7.2, no
CaCl,, no MgCl,. The titre was estimated by HIV-1 p24
Antigen ELISA 2.0, according to manufacturer's protocol
(ZeptoMetrix Corporation), assuming that 1 pg p24 corre-
sponds to 107 infectious particles.

Fibroblasts were transduced with pGIPZ lentiviral
vectors in the presence of 6 pg/mL polybrene, at a MOI
~0.1, as estimated by the p24-adjusted dose, to minimize
the number of cells integrating more than one vector
copy. The MOI of ~0.1 was validated by GFP fluorescence
microscopy. Transduced fibroblasts were then selected in
RPMI 1640 medium containing 1.5 pg/mL puromycin,
before switching back to standard RPMI 1640 medium,
and the resulting GFP positive and puromycin resistant
colonies were pooled before assessing target mRNA
knockdown by RT-qPCR.

Knockdown efficiency in the three fibroblast cell lines
was initially tested using RT-qPCR with all five shRNAs,
targeting ECHDC1 (shECHDCI1#1- shECHDCI1#5, see
above) (data not shown). Fibroblast transduced with the fol-
lowing shRNAs were chosen for further experiments:
SshECHDC1#5 for ACADS 625G/G fibroblasts, ssECHDC1#3
for ACADS 625G/A fibroblasts and shECHDCI1#1 for
ACADS 625A/A fibroblasts. ECHDC1 expression level rela-
tive to shNonT was similar in the three fibroblast cell lines
across culturing experiments, with values of 0.37+0.09, 0.42
+ 0.01and 0.53 =+ 0.16, respectively (data not shown).

2.9 | Quantification of EMA by LC-MS/
MS from ECHDC1 knockdown fibroblasts

ECHDC1 knockdown fibroblasts were grown with or with-
out 5 mM sodium butyrate (Sigma-Aldrich) for 24 hours to
stimulate EMA excretion, as described by Linster et al.'’
EMA in the culture medium was quantified by liquid chro-
matography tandem mass spectrometry (LC-MS-MS). A
275 pL sample of cell culture medium was transferred to a
1.5 mL microtube (Eppendorf) and added with 25 pL of
internal standard solution (10 uM ethylmalonic acid-D3,
Cambridge Isotope Laboratories, in H,O) followed by
800 pL of cold acetonitrile for protein precipitation. The
sample was vortex-mixed and incubated for 2 minutes
before centrifugation at 15.000xg. The supernatant was
transferred to a new 1.5 mL microtube and evaporated to
dryness using a vacuum concentrator. The sample was rec-
onstituted in 100 pL H,O with 0.2% formic acid and 7.5 pL
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were injected (partial loop needle overfill injection mode) in
the UPLC-MS/MS system. Separate calibrator samples con-
taining ethylmalonic acid in the concentration range 0.0015
to 3.3 uM were prepared for quantification. Calibrator sam-
ples were prepared by diluting a 10 mM stock solution of
ethylmalonic acid (Sigma-Aldrich) with fresh medium and
then following the same procedure as the experimental
samples. A calibration curve was constructed by (1/x)
weighted linear regression analysis using the ethylmalonic
peak area normalized with the internal standard peak area.

Samples were analysed by LC-MS/MS with a Waters
Acquity UPLC coupled to a Xevo TQ-S (Waters Milford,
Massachusetts) mass spectrometer operating in the multiple
reaction monitoring (MRM) mode. The column was a HSS-
C18 (Waters Acquity, 100 x 2.1 mm, 1.8 pm), and the flow
rate was 0.4 mL/min with solvent A (H,O with 0.2% formic
acid) and B (methanol with 0.1% formic acid). The gradient
chromatography profile used was: 0 to 0.5 minute: hold
99% A and 1% B; 0.5 to 5 minutes: linear gradient to 10% A;
5 to 6 minutes: hold 10% A; 6 to 6.1 minutes: linear gradient
t0 99% A, 6.1 to 8 minutes: hold 99% A.

Electrospray ionization in the negative ion mode
(ES=+) with a capillary voltage of 2.73 kV was used with
the following settings: gas flow 150 L/h (cone) and
800 L/h (desolvation), temperatures 150°C (source)
and 600°C (desolvation).

The following MRM transitions were used for moni-
toring ethylmalonic acid: 131 > 86.9 (quantifier) and
131 > 68.9 (qualifier) while for ethylmalonic acid-D3
134 > 90 (quantifier) and 134 > 72 (qualifier) were used.
A cone voltage of 22 V was used for all transitions and
the collision energy was 9 eV for the quantifier transi-
tions and 20 eV for the qualifier transitions.

3 | RESULTS

DNA samples from 82 clinically affected individuals
with unexplained high levels of EMA (urinary EMA

TABLE 1 Identified ECHDCI variants
ECHDCI1 genotype Allele frequency®
P1 ¢.[389T>C];[=] 0.00007
P2 c.[498-36_498-33del];[=] NR
P3 c.[221-4_222delinsTA];[=] NR

Abbreviation: NR, not reported.
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>20 mmol/mol creatinine), and carriers of the com-
mon ACADS variants were included.

3.1 | Genetic analysis of ECHDC1

Only three out of 82 individuals were found to have hetero-
zygous variants in ECHDCI. Individual P1 and P3 carried
the ¢.389T>C (p.Met130Thr) and the c.221-4_222delinsTA
ECHDC1 variant, respectively and were homozygous for
ACADS ¢.625G>A with urinary EMA >40 mmol/mol creat-
inine (Group B, see Materials and Methods). P2 carried a
€.498-36_498-33del ECHDC1 variant and was heterozygous
for ACADS c.625G>A with urinary EMA >20 mmol/mol
creatinine (Group A). According to the gnomAD database,
the identified ECDHC1 variants were either not reported or
reported with a very low allele frequency in the general
population (Table 1 and Figure 1). The clinical presentation
of the three individuals was similar to previously published
EMA individuals with disease onset in infancy or childhood
and symptoms such as hypotonia, developmental delay,
feeding difficulties, failure to thrive and cyclic vomiting.
There were no reports of similar phenotypes in family
members. Samples from parents and other family members
were not available.

3.2 | The three ECHDCI variants result
in loss-of-function

The ECHDC1 c.389T>C variant changes a highly con-
served and nonpolar methionine to a polar threonine
(Figure 1E). In silico analysis by SIFT*° and PolyPhen*
scores this alteration not tolerable (score: 0) and probably
damaging (score: 0.99), respectively. Overexpression stud-
ies of wild-type and variant p.Met130Thr ECHDC1 in E.
coli confirmed the in silico predictions since the decar-
boxylation activity of the variant enzyme was 5% to 10%
compared to the wild-type one (Figure 2).

ACADS genotype Groupb
¢.[625G>Al;[ 625G>A] B

EMA >40 mmol/mol creatinine
c.[625G>A];[=] A

EMA >20 mmol/mol creatinine
c.[625G>A];[625G>A] B

EMA >40 mmol/mol creatinine

#Allele frequency in the general population, according to the gnomAD database, Date 080620.

Groups are defined as described in Material and Methods.
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ACADS c.511C>T c.625G>A
NM_000017.2
" n H
ECHDC1 c.221-4_222delinsTA c.498-36_498-33del

NM_001002030.1

Branch point motif

Ba 0

(©)

WT ..CTGGCAG- ..CA[TACAGAG|AGAGTTA..- WT
Intron 2 Exon 3 Intrg; 5 )
P3 ..CTGTAG- ..CA[TACAGAG|TTACAAT.. - P2
-43 -37
Intron 2 Exon 3 Intron 5

(E) PEDGMAVCMFM QNTLTRFMRL H. sapiens
PEDGMAVCMFM QNTLTRFMRL P. troglodytes
PEDGMAVCMFM QNTLTRFMRL M. mulatta
PEDGMALCMFM QNTLTRLMRL C. lupus
PEDGMAVCMF M QNTLTRFMRI, B. taurus
PESGVALSMFM QNTLTRFMRL M. musculus
PENGVALSMFM QNTLTRFMRL R. norvegicus
SQDGMNMCMF M QNTLTRLMRL G. gallus
PHDGMKMCEFM QNTLARLLRQ D. rerio
PQEGMMMCMLM QNTLTRLQRL X. tropicalis
QKLGVQMFEYM SSILSLLHSS C. elegans

FIGURE 1

Location and predicted molecular consequences of ACADS and ECHDC1 variants identified in the three individuals with

high EMA. A and B, Genomic location of the two common ACADS susceptibility variants and of the three ECHDC1 variants. The 5’ and 3’
UTR regions are displayed in orange. C, P3 carries an indel variant in the acceptor splice site of intron 2; 6nt are deleted (depicted in red)
and 2nt are inserted (depicted in green). D, P2 carries a deletion of 4nt (depicted in red) next to a predicted branch point motif (blue box) in
intron 5. E, P1 carries a ¢.389T>C missense variant in exon 4, which results in the replacement of p.Met130 with a Thr. Met130 is a highly

conserved amino acid in numerous eukaryotic species

Dermal fibroblasts from individual 2 and 3, who carry
the intronic variants c.498-36_498-33del and c.221-4_
222delinsTA, respectively, were available. RT-qPCR ana-
lyses showed approx. 50% ECHDCI mRNA expression in
fibroblasts as compared to healthy controls, categorizing
them as loss-of-function variants (Figure 3). Due to low
expression levels, it was not possible to quantify fibroblast
ECHDCI1 protein level by Western blot analysis or its
activity by [**Clethylmalonyl-CoA decarboxylase assay.

The ¢.498-36_498-33del variant is located immedi-
ately downstream of a branch point motif (Figure 1D).
Usually, branch points are located 21-34 nucleotides
upstream of an exon, with the consensus sequence
yUnAy.>® Human Splicing Finder** predicts the
ECHDC1I c.498-43_498-37 nucleotides as the strongest
branch point motif located in the region. Sequence anal-
ysis of ECHDC1 mRNA did not show any misspliced
products suggesting that putative misspliced mRNAs
produced by the variant allele are degraded by

nonsense-mediated decay (NMD), confirming RT-qPCR
results.

According to various splice site prediction programs,
the c.221-4_222delinsTA variant deletes the acceptor splice
site in intron 2, creating a weaker acceptor splice site 3nt
downstream in exon 3 and activating a stronger cryptic
acceptor splice site 44nt upstream in intron 2 (Figure 4A,
B). In agreement with these predictions, comprehensive
analyses of ECHDCI splice products (Figure 4C-G),
showed that most ECHDC1 mRNA molecules are spliced
using the upstream acceptor splice site in intron 2 resulting
in unstable ECHDC1 transcripts with an out-of-frame dele-
tion, which are substrates for NMD. Only a minor amount
of mRNA molecules are spliced using the downstream
acceptor splice site in exon 3, which results in stable
ECHDCI transcripts with an in-frame deletion of the
highly conserved p.Gly74 (Figure 4H). This is in agree-
ment with RT-qPCR showing approximately 50% ECHDC1
expression in P3's fibroblasts (Figure 3).
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FIGURE 2 Decarboxylation activity of p.Met130Thr variant

ECHDCI1 compared to wild-type ECHDCI1. Both proteins were
produced in E. coli as fusion proteins with an N-terminal His-tag.
They were purified to homogeneity and incubated in the reaction
mixture at the indicated protein concentrations in the presence of
[**C]ethylmalonyl-CoA (EMCoA). The reaction was stopped at the
indicated times and the residual [**C]ethylmalonyl-CoA was
determined. Data represent means + SD for 6 wild-type (WT,

1.6 pg/mL), 4 p.Met130Thr (6.4 pg/mL) and 2 p.Met130Thr (1.6 pg/
mL) determinations performed in 2 separate experiments. If not
visible, the SD bar is smaller than the size of the symbol
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FIGURE 3 ECHDCI mRNA expression in fibroblasts from
individual 2 and 3 compared to three controls. The error bars (+SD)
represent triplicate RT-qPCR measurements from each of 2 to

3 independent cell cultures

3.3 | ACADS and ECHDCI1 deficiencies
act in synergy on cellular EMA excretion

Having shown that 3/82 SCADD individuals with com-
mon ACADS variants were heterozygous for loss-of-
function ECHDC1 variants, we speculated that ECHDC1
haploinsufficiency, in combination with the common
ACADS c.625G>A variant, had an additive effect on

EMA levels. To further examine this hypothesis, we mea-
sured EMA levels in cultured fibroblasts from healthy
individuals, who were either wild-type, heterozygous or
homozygous for ACADS c.625G>A, with or without
approximately halved knockdown of ECHDCI mRNA
levels (Figure 5). The six cell lines were constructed by
transduction either with non-targeting shRNA or with
ECHDCI1 targeting shRNA. EMA excretion was measured
by UPLC-MS/MS in culturing medium from all six cell
lines after 24 hours with or without 5 mM butyrate stim-
ulation. Neither ECHDCI knockdown alone nor homozy-
gosity or heterozygosity for the common ACADS
€.625G>A variant had a significant effect on EMA excre-
tion. However, the combination of the two gene deficien-
cies seemed to have an additive effect on EMA excretion,
with ACADS homozygosity + ECHDCI knockdown
showing 2-fold increase in EMA as compared to ACADS
heterozygosity + ECHDC1 knockdown. When chal-
lenged with butyrate, ECHDC1 knockdown or ACADS
€.625G>A homozygosity individually increased EMA
excretion approximately 2-fold. However, combining
ACADS ¢.625G>A homozygosity with ECHDC1 knock-
down increased EMA excretion >6-fold when the cells
were challenged with butyrate illustrating that ACADS
and ECHDC1 deficiency act in synergy on cellular EMA
levels when challenged with butyrate.

4 | DISCUSSION

SCADD is an enigmatic inborn error of metabolism, pri-
marily due to the existence of two common ACADS vari-
ants, ¢.625G>A and c.511C>T, with high allele
frequencies in the general population, but significantly
overrepresented in individuals with elevated urinary
EMA.">'® Moreover, reports of follow-up from newborn
screening programs have demonstrated that the majority
of infants with elevated butyryl-carnitine/EMA do not
develop clinical symptoms.”> On the other hand; clinical
symptoms have been reported in some individuals with
EMA and biallelic rare ACADS variants.'** Therefore, it
has been speculated that ACADS common variants and
EMA might be risk factors for the development of dis-
ease, but that symptoms might only develop in combina-
tion with other genetic or environmental factors."'>>!
ECHDCI1 has been described and characterized as an
EMA metabolite repair enzyme, which may play a role in
ethylmalonic aciduria.'” In order to investigate the role
of ECHDCI in ethylmalonic aciduria, we sequenced
ECHDCI in a unique cohort of 82 symptomatic individ-
uals with high EMA levels (urinary EMA >20 mmol/mol
creatinine), and with the common ¢.625G>A and
¢.511C>T variants or no identified variants in the ACADS
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FIGURE 4 Molecular consequences of ECHDCI c.221-4_222delinsTA. A, The c.221-4_222delinsTA mutation deletes intron 2 acceptor
splice site, creating a weaker acceptor splice site 3nt downstream in exon 3, and activating a stronger cryptic acceptor splice site 44nt
upstream in intron 2. The position of the acceptor-splice-site-motif G (NAG/NN) is indicated. B, The strength of the two alternative acceptor
splice sites, according to five different prediction programs, is shown; SSF: SpliceSiteFinder, MaxE: MaxEntScan, NNS: NNSplice GS:
GeneSplicer, HSF: Human Splicing Finder (see Material and Methods). C, The PCR products obtained, using cDNA as template and primers
located in exon 2 and 3, respectively, are shown (3% agarose gel). In P3, two bands were observed: a ~430 bp band and a ~380 bp band,
similar in size to the wild-type band. D, The activation of the upstream acceptor splice site, results in partial intron 2 retention (~430 bp
band) and creation of a premature stop codon due to a shifted reading frame. The TA insertion is depicted in red. E, The PCR products
obtained with primers, specific for the inserted intronic fragment, are displayed and shown to be unique for P3 cDNA (2% agarose gel). F,
Sequence data from analysis of the ~380 bp band in panel (C). The creation of the downstream acceptor splice site results in 3 bp deletion
(c.221_223del). A heterozygous 3 bp deletion is clearly visible in the sequencing data derived from P3, but not in C1. G, The 3 bp deletion
causes the deletion of p.Gly74. The deleted nucleotides are enclosed in the red box. H, A multiple alignment analysis shows that p.Gly74 is
conserved among Eukaryotic species

gene. Heterozygous ECHDCI variants were identified in coli or in fibroblasts derived from the affected individuals
only three individuals, all carrying the common ACADS  verified that all three variants are loss-of-function vari-
€.625G>A variant. In vitro studies of the variants in E. ants resulting in no or very low ECHDC1 gene
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expression/residual activity. Based on this, we hypothe-
sized that ECHDCI haploinsufficiency, in combination
with the common ACADS c.625G>A variant, may act in
synergy on cellular EMA levels. Through in vitro fibro-
blast studies, we showed that homozygosity for ACADS
c.625G>A variant in combination with approximately
halved ECHDCI knockdown had a significant and addi-
tive effect on EMA excretion when fibroblasts were chal-
lenged with butyrate (P-value .0009).

The concept of synergistic heterozygosity, where par-
tial deficiencies of different genes in the same metabolic
pathway result in pathological amounts of disease-
associated metabolites, was first described in individuals
affected by various inborn errors of metabolism.**>?
Later, it has been demonstrated that digenic/oligogenic
inheritance play a role in several disorders and is a com-
mon cause of reduced penetrance in genetic diseases,>*38
but relatively few cases have been convincingly explained
by combined genetic and functional studies. While our
functional ex vivo studies in human cells clearly show
that ECHDC1 haploinsufficiency in combination with the
common ACADS c.625G>A variant has an additive effect
on EMA levels, the clinical evidence of a digenic disease
mechanism is not well supported, since only three
unrelated cases were identified and since it was not possi-
ble to perform family segregation studies to verify a
digenic cause. Clearly, the impact of ECHDC1 on the
incomplete biochemical penetrance in SCADD needs
more clarification, but from the present study, it is safe to
say that ECHDCI variants do not play a major role, and
that one needs to look for alternative genes and
mechanisms.

Other examples of potential gene-gene interactions in
SCADD have previously been reported in symptomatic
individuals, who were homozygous for ACADS c.625G>A,
and had reduced expression of the essential mitochondrial
antioxidant, superoxide dismutase 2 (SOD2) [EC 1.15.1.1].
These individuals had increased susceptibility to oxida-
tive stress, compared to healthy controls, who were
homozygous ACADS ¢.625G>A and with normal levels
of SOD2.*>*° Another gene-gene interaction has been
observed between SCAD and its co-factor flavin adenine
dinucleotide (FAD). Affected individuals harbouring the
€.625G>A variant have significantly lower blood FAD
levels than affected individuals with two rare ACADS
variants.” In addition, it has been shown that the
effects of the two ACADS susceptibility variants are
modulated by cellular temperature.'>'® In the present
study, we show that catabolic stress with increased buty-
rate load increases the functional consequence of iso-
lated ACADS and ECHDCI1 deficiency, respectively and
had an additive effect on EMA levels when ACADS defi-
ciency acts in combination with ECHDCI deficiency.
Thus, the common ACADS variants may only be condi-
tionally pathogenic if they interact with other genes or
environmental changes pushing the EMA level over a
required threshold into possibly pathology.

In conclusion, this is the first report demonstrating
ECHDC1 gene defects in humans. Our study suggests
that ECHDC1 may be involved in elevated EMA excre-
tion in only a small group (3/82) of individuals with com-
mon ACADS variants. Other potential modifier genes
would be those associated with increased EMA due to
secondary disturbances of SCAD, such as the genes
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involved in electron transfer from SCAD (ETFA, ETFB,
ETFDH), genes involved in flavin-cofactor metabolism/
transport and the ETHE1 gene. Moreover, performing
whole genome sequencing in our cohort of individuals
with common ACADS variants and elevated EMA could
unravel other EMA modifier genes and/or identify other
genetic causes and mechanisms of their unexplained neu-
romuscular symptoms.
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