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A novel mutation in the SERACI1 gene correlates with
the severe manifestation of the MEGDEL phenotype,
as revealed by whole-exome sequencing
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Abstract. The condition 3-methylglutaconic aciduria (3-MGA)
with deafness, encephalopathy and Leigh-like (MEGDEL)
syndrome, also known as 3-MGA 1V, is one of a group of
five rare metabolic disorders characterized by mitochondrial
dysfunction, resulting in a series of phenotypic abnormalities.
It is a rare, recessive inherited disorder with a limited number
of cases reported worldwide; hence, it is important to study
each case to understand its genetic complexity. An impaired
activity of serine active site-containing protein 1 (SERACI),
caused by mutations, leads to defects in phosphatidylglycerol
remodelling, which is important for mitochondrial function and
intracellular cholesterol trafficking. In the present study, the
patients (two male siblings of consanguineous Turkish parents)
were analysed, whose multisystem dysfunctions, including an
elevated 3-MGA concentration in early age, hearing loss and
Leigh-like syndrome as determined by MRI, were consistent
with MEGDEL syndrome. A novel mutation in the SERACI
gene, in the upstream lipase domain, c.1015G>C (p.Gly339Arg)
mutation located on exon 10 of the SERACI, was identified
and predicted to cause protein dysfunction. Furthermore, the
results pointed towards a possible association between this
mutation and the severity of MEGDEL syndrome.

Introduction

The condition 3-methylglutaconic aciduria (3-MGA) with
deafness, encephalopathy and Leigh-like (MEGDEL)
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syndrome, also known as type IV 3-MGA [Mendelian of
Inheritance in Man (MIM) #614739], is associated with a
heterogeneous group of disorders, including MGA, deaf-
ness, encephalopathy and Leigh-like lesions (1) as observed
on MRI scans, progressive spasticity, dystonia (2-6), brain
atrophy and neonatal liver disease (4), followed by increasing
levels of enzymatic activity in the liver (7). Type IV 3-MGA,
in contrast to the other types (I, II, III and V), is based on
undefined clinical subtypes and the underlying aetiology has
yet to be elucidated, even though affected individuals have
been indicated to have heterogeneous genotypes, similar to
those in the other groups (8,9). Since elevated levels of liver
enzymes have been observed to be a phenotype characteristic
of MEGDEL syndrome, the term ‘MEGDEL’ was suggested
in order to include all of the phenotypic disorders that occur
most frequently in affected patients (4). MEGDEL syndrome
is a rare, recessive inherited disorder, the fundamental under-
lying causes of which are genetic impairments attributable to
multiple complexities, including DNA demolition syndromes
and mitochondrial DNA deletion syndromes, as well as mito-
chondrial myopathy, encephalopathy, lactic acidosis and stroke
syndrome. Dysregulation of 3-MGA in all five types has been
identified on the basis of genetic pathogenic variants. Type I
3-MGA (MIM #250950) has been reported to result from a
mutation in the AU RNA binding methylglutaconyl-CoA
hydratase gene, which causes a deficiency in 3-methylglu-
taconyl-CoA hydratase, the enzyme involved in L-leucine
degradation (7). Type II 3-MGA, also known as Barth
syndrome (10), is characterized by oxidative phosphorylation
dysfunction, neutropenia and cardiomyopathy, which lead to
defective cardiolipin remodelling (8,11) due to a mutation in
the tafazzin (TAZ) gene on chromosome X (12,13). The TAZ
gene encodes the TAZ protein, the enzymatic function of which
is to regulate cardiolipin remodelling in order to maintain its
level in the inner mitochondrial membrane (11,14,15). Type 111
3-MGA, also known as Costeff syndrome, is a rare neurogenic
autosomal recessive inherited disorder (16,17) that is caused
by mutations in the outer mitochondrial membrane lipid
metabolism regulator OPA3 gene, whose function remains
to be fully elucidated (18). Patients with this syndrome have
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been reported to exhibit optic atrophy, followed by motor
deficits and ataxia (16). Type V 3-MGA, also known as dilated
cardiomyopathy with ataxia syndrome (19), is an autosomal
recessive disorder with a defect in the Dnal heat shock protein
family (Hsp40) member C19 gene that leads to deficiencies
in muscle strength, anaemia and growth retardation (19,20).
MEGDEL syndrome is caused by biallelic pathogenic variants
in the Serine active site-containing 1 (SERAC1) gene, which
is located on chromosome 6q25.3. SERACI protein, with the
phenotypic MIM number 614725, belongs to the PGAG-like
protein family, containing 654 amino acids and comprising a
serine lipase domain which is hypothesized to fulfil a crucial
role in protein and mitochondrial function. Furthermore,
SERACI has a role in intracellular cholesterol trafficking and
anomalous functioning of the protein affects phospholipid
mechanisms of action (3). The protein is assumed to be respon-
sible for phospholipid exchange at the mitochondrial interface
and endoplasmic reticulum, and defects in this process lead
to the phenotypic abnormalities that are characteristic of
MEGDEL syndrome.

A range of pathogenic variants that have been observed
in patients with MEGDEL syndrome have been identi-
fied and confirmed by exome sequencing and Sanger
sequencing (4,5,21). Through these studies, the majority of the
SERACI gene pathogenic variants have been categorized as
frameshift, nonsense or missense pathogenic variants within
or upstream of the lipase domain (3,4,8).

The aim of the present study was to investigate the genes
involved in the onset of MEGDEL syndrome and elucidate the
association between novel variants and phenotypic outcome
of the disease. Since the genetic complexity of MEGDEL
syndrome has yet to be completely elucidated, detailed
studies are required to identify further pathogenic variants
that lead to the phenotypic characteristics of the disorder. In
the present study, biochemical analysis and MRI scans were
performed to confirm the primary diagnosis with MEGDEL
syndrome. Whole exome sequencing (WES) analyses were
performed to identify pathogenic variants associated with
the syndrome and the mutations were analysed with respect
to the patients' family to confirm the pattern of inheritance.
The results obtained from the present study suggested that
this mutation influences the severity of the disease, causing
severe developmental delays. Compared to previous studies
using brain MRI of patients with MEGDEL syndrome repre-
senting bilateral basal ganglia alterations and dystonia, the
present study observed a greater impact of the mutation on
the brain lobes. This resulted in cerebellar atrophy, corpus
callosum thinning and lateral ventricle expansion as observed
using MRI.

Patients and methods

Patients. Two male siblings, born in 2013 and 2015, from
consanguineous Turkish parents were admitted to Biruni
Hospital (Istanbul, Turkey) with psychomotor retardation,
spasticity, dystonia and deafness.

Brain MRI scanning. MRI scans were performed for regular
patient care following admission to the hospital. Different
pulse sequences were used for the MRI procedure, and
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T1- and T2-weighted images were available for the younger
sibling.

WES by next-generation sequencing (NGS) and subse-
quent bioinformatics analysis. WES was performed to
analyse the coding exons and the exon-intron boundaries of
protein-coding genes. Genomic DNA preparation, exome
capture and Illumina® sequencing (NextSeq500 platform)
were performed according to the manufacturer's instructions.
In brief, genomic DNA (gDNA) was extracted from the whole
peripheral blood sample using an Invitrogen® NextSeq500
iPrep PureLink gDNA blood kit (Thermo Fisher
Scientific, Inc.). The genomic library was prepared using
an Agilent SureSelect Target Enrichment system (Agilent
Technologies, Inc.). Enrichment of coding exons and flanking
intronic regions was performed using the Agilent SureSelect
Human All Exon V6 reagent (Agilent Technologies, Inc.),
following the manufacturer's protocol and as previously
described (22), and sequencing was performed using an
Illumina® NextSeq500 system (Illumina, Inc.). Sequences
were mapped to the human genome (GRCh37/hgl9) using
the Burrows-Wheeler Aligner (version 0.6.1; algorithm
‘BWA-SW’; default parameters) to obtain targeted sequencing
data. Variants with a frequency >1% in the population were
removed from the collected data. Variants were subsequently
annotated using Alamut® Visual (a decision-support soft-
ware dedicated to variant diagnostics used by clinical and
research molecular laboratories worldwide; see https:/www.
interactive-biosoftware.com/alamut-visual/), and the allele
frequency was determined using the following databases:
The National Center for Biotechnology Information database
for nucleotide variations dbSNP (https://www.ncbi.nlm.
nih.gov/snp), the exome aggregation consortium (ExAC)
and the 1000 Genomes Project (https://www.internation-
algenome.org/). Disease causality was assessed using
ClinVar (https:/www.ncbi.nlm.nih.gov/clinvar/) and exome
sequencing project (ESP) variants, ExXAC variants and ESP
variants.

Sanger sequencing of the identified mutation. DNA from the
patients and the parents was isolated from whole blood using
the QIAamp DNA Blood Mini kit (Qiagen, Inc.). Exon 10 of
the SERACI gene were amplified using primer sets (forwards,
5'"TCCAACCAAGAGCTAAGCAG-3"; and reverse, 5-TGAA
CATATCATGAGGGGTAGAG-3"') and MyTaq™ DNA
Polymerases Mix (Bioline Reagents Ltd.). PCR was performed
with 40 ng of genomic DNA in 30 ul, with an initial denatur-
ation at 94°C for 3 min, 30 cycles of 94°C for 30 sec, 55°C for
45 sec and 72°C for 2 min, followed by a final extension at
72°C for 10 min. The SERACI1 gene was sequenced directly
from purified PCR products using a BigDye Terminator Cycle
Sequencing kit (version 3.1; Applied Biosystems; Thermo Fisher
Scientific, Inc.) prior to analysis on an ABI 3130 automated
DNA sequencer (Applied Biosystems; Thermo Fisher Scientific,
Inc.).

Determination of biochemical parameters. Standard biochem-
ical and metabolic tests (see the Results section for further
details) were performed for the patients during the first month
of life (note that the second of the siblings was admitted to the
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intensive care unit of the Biruni Hospital 22 days following
birth), and then subsequently at the ages of 16 months and
3 years.

Computational analysis of protein structure and severity of
damage caused by mutation. Protein structure analysis was
performed using SWISS-MODEL exPASy (https:/swissmodel.
expasy.org/interactive) to determine the effect of the mutation
on the SERACI protein. In addition, damage sensitivity of the
mutation was analysed using PolyPhen2 (http://genetics.bwh.
harvard.edu/pph2/) to investigate its role in the severity of
the phenotypic characteristics. The mutation taster program
(www.mutationtaster.org/) was used to predict the effects of
the mutation on the protein.

Results

Patients data and biochemical analysis. The proband, a male,
was the second child of a 22-year-old mother who married
a first-degree relative (cousin). He was born in June 2013
with a neonatal weight of 2,900 g. The levels of neonatal
thyroid-stimulating hormone (TSH) and biotinidase were
normal and the phenylketonuria screening test was also nega-
tive on the 5th day of life. When the infant was 22 days old;
however, the patient was admitted to an intensive care unit for
22 days due to asphyxia after birth. The blood test performed
on 20th day of age revealed elevated levels of aspartate amino-
transferase (AST), bilirubin, chlorine, magnesium, sodium,
potassium, creatine kinase, lactate dehydrogenase (LDH) and
TSH. At the time of the blood test, the urea concentration
was also within the normal range. At the age of 16 months,
the patient's biochemical analysis indicated an elevated level
of 3-MGA, which compelled physicians to perform further
investigations, including MRI scan. The patient was indicated
to have hearing loss at the age of 21 months and strabismus
was detected in the right eye. Furthermore, the clinical
biochemistry screen revealed that the levels of AST, alanine
aminotransferase, alkaline phosphatase and creatinine were
above the normal range. The biochemical test also revealed that
the lactate level was above the reference range. The TSH level,
however, was within the normal range during the same period.
Essential minerals, including sodium, potassium, calcium,
magnesium, phosphorus and cholesterol, were revealed to
have higher values compared with the reference range. At the
same time, the biochemistry test results suggested that the uric
acid, total protein, albumin and urea levels were below the
normal range. The lactic acid level was close to the normal
range (4.5-19.8), a result that differed from the previous test,
and the level of vitamin B12 was above the reference range.
The ferritin level was also below the reference range. The
results of the biochemical analysis performed subsequently,
when the patient was 3 years old, revealed that glucose and
lactate levels were above their normal limits. An investiga-
tion was performed using tandem mass spectrometry, which
determined that the arginine level was above the reference
range. Biochemistry analyses also revealed that the creatine
level was low, whereas the levels of AST and LDH were
higher compared with the reference values. The analysis of the
patient's organic acids revealed that the levels of 3-hydroxypro-
pionic acid, pyruvic acid, 3-hydroxybutyric acid, ethyl malonic
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acid, adipic acid, 2-hydroxyglutaric acid, methylglutaric acid
and 3-methylglutaconic acid in the patient's urine sample were
higher than the reference levels (Table SI).

Brain MRI for diagnosis of encephalopathy and neuro-
logical analysis. Electroencephalography was performed
on the patient to determine the level of epileptic activity in
the occipital region. Muscle biopsy revealed the presence of
myopathic fibres in muscle tissue. The results of the echo-
cardiogram were normal. However, brain MRI scans of the
patient revealed abnormalities in different sections of the
brain. Axial T2-weighted MRI revealed an expansion of the
cerebellar follicles and 4th ventricle, located in the upper part
of the medulla, causing cerebellar atrophy (Fig. 1A and B). In
addition to the above observation, increased intensities of the
bilateral caudate nucleus (Fig. 1C) and bilateral symmetric
signal (Fig. 1D) were identified and expansion of lateral
ventricles had occurred (Fig. 1E), causing putamen volume
loss. Hypoplasia of the inferior vermis, observed in the sagittal
T2-weighted MRI scan, resulted in thinning and atrophy of
the corpus callosum (brain stem; Fig. 1F). Fluid-attenuated
inversion recovery analysis of the bilateral basal ganglia and
temporal lobe revealed a signal intensity that may be attributed
to the involvement of white matter (Fig. 1G and H).

Genetic analysis

Determination of pathogenic variants in the patient using
NGS. WES revealed 13,520 genomic variants, which were
filtered from >100 reads. Analysis of the distribution of
types and frequencies of sequence variants revealed that
50.17% were intron variants, 12.95% were missense vari-
ants, 13.35% were synonymous variants, 18.43% were
downstream gene variants, 8.29% were non-coding exon
variants, 2.35% were upstream gene variants, 1.16% were
splice region variants, 0.27% had in-frame insertions and
0.21% were missense variant splice region variants (Fig. 2A).
Amongst the variants, certain pathogenic variants were
identified, including NOC2-like nucleolar associated tran-
scriptional repressor [NOC2L; single nucleotide variation
(SNV), NM_015658.3:c.1443+455_1443+457delCTG], DFFB
(NM_004402.2:c.782+58_782+59 insCGGCCC), cyclin D
kinase (CDK) 11B (NM_033487.1:c.-167+273T>C), nephro-
cystin 4 (NPHP4; NM_015102.3:c.3131G>A, NP_055917.1:p.
Argl044His) and SERACI1. WES detected 13 different
pathogenic variants in the SERACI gene, 11 of which were
indicated to be associated with the disease (Table I). Analysis
of the 2 variants that were detected in the SERACI1 gene using
Alamut® Visual software suggested that mutation-associated
pathogenicity linked to the disorder was present in a homozy-
gous mutation at c.1015G>C (p.Gly339Arg) (Fig. 2B).

Identification of novel pathogenic variants in SERACI. As the
WES results revealed a novel SNV ¢.1015G>C (p.Gly339Arg)
mutation located on exon 10 of the SERACI gene in the
proband, confirmation analysis was performed on the patient
to determine the presence of the mutation. Patient genotype
confirmation and familial co-segregation analysis were
performed. All coding exons and exon-intron boundaries of
the SERACI gene were amplified using primer sets designed
by a previous study (9). In order to confirm the presence of the
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Table I. Variants detected in the serine active site-containing 1 gene using whole-exome sequencing.

Mutation Reference sequence Mutation Mutation Reference Variant

type mRNA (NM) location type SNP (rs) type

SNV NM_032861.3 ¢.1403+537C>G Homozygous 1s977794 Intron variant

SNV NM_032861.3 c.1016-2838A>G Homozygous rs12523959 Intron variant

SNV NM_032861.3 ¢.1015G>Cp.Gly339Arg Homozygous ? Missense variant,
splice region variant

SNV NM_032861.3 c.738+6201C>T Homozygous rs12197370 Intron variant

SNV NM_032861.3 c.738+4454A>C Homozygous rs844140 Intron variant

SNV NM_032861.3 ¢.356-216C>T Homozygous 1s9365928 Intron variant

SNV NM_032861.3 ¢.3554+300A>G Homozygous 1s9356398 Intron variant

SNV NM_032861.3 ¢.3554297C>T Homozygous 1s9364823 Intron variant

SNV NM_032861.3 c.355+11A>G Homozygous r$s9356399 Intron variant

SNV NM_032861.3 c.249C>T Homozygous 1s6929274 Synonymous variant

SNV NM_032861.3 c.129-34C>G Homozygous rs6929520 Intron variant

SNV NM_032861.3 c.92-334G>T Heterozygous ? Intron variant

SNV NM_032861.3 c.-1-4619G>A Homozygous 1s76958658 Intron variant

*The mutation was detected in the patient was not previously reported. SNV, single nucleotide variant. SNPs, single nucleotide polymorphisms.
?, rs number is not given.

Figure 1. T2-weighted MRI examinations of the patient. An axial brain examination revealed (A) cerebellar atrophy due to expansion of the cerebellar fol-
licles (denoted by the red arrow) and (B) an abnormally broadened 4th ventricle (indicated by the yellow arrow). Putamen examination, revealing (C) a loss
of putamen volume due to increasing intensity of bilateral the caudate nucleus (red arrows) and (D) bilateral symmetric signal (blue arrows), followed by
(E) expanded secondary ventricles (indicated by the yellow arrow). (F) The sagittal examination revealed thinning of the corpus callosum due to corpus cal-
losum atrophy (orange arrow) and an abnormal view of the 4th ventricle due to hypoplasia of inferior vermis (blue arrow). A coronal FLAIR examination was
used to detect signal intensity in (G) the bilateral basal ganglia (indicated by the yellow arrow) and, particularly, (H) in the temporal lobes, where the red arrow
denotes the involvement of white matter. FLAIR, fluid-attenuated inversion recovery; SAG, sagittal; COR, coronal.

novel ¢.1015G>C (p.Gly339Arg) mutation located on exon 10  and the parents by Sanger sequencing. The results confirmed
of the SERACI gene and its inheritance pattern, co-segregation  the pathogenic variants to be homozygous in the proband and
analysis was performed on the proband, the proband's sibling  the proband's affected brother, who inherited one mutant allele
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Figure 2. Mutation analysis by whole-exome sequencing. (A) In the present case, the types and frequencies of disease-causing mutations, and their distribu-
tion, are displayed in the pie chart. (B) The mutation pathogenicity of one of them was indicated to be biallelic at ¢.1015G>C (p.Gly339Arg), according to

Alamut® Visual software analysis.

from each heterozygous parent (Fig. 3A). Using sequencing
data and information collected from family members, the
hereditary pattern of MEGDEL syndrome in the family was
illustrated in a pedigree chart that was performed on the
patients' and the family's blood samples. The parents were both
found to be a carrier while the children both manifested the
disease and were affected (Fig. 3B). Analysis of the mutation
location on the SERACI gene revealed the approximate posi-
tion of the mutation to be upstream in a serine-lipase domain
(Fig. 3C), which was downstream of the Armadillo-like
helical domain. The mutation was predicted to be a missense
variant. However, the data that were collected from the

Alamut analysis revealed the position of the mutation to be
at the border of exon 10-intron 10 of the SERACI gene, and
from this analysis, it was predicted to be a splice-site variant.
The mutation, identified by PolyPhen2, was considered to be
a causative factor of abnormality in intracellular cholesterol
trafficking. The results of the bioinformatics protein structure
analysis by SWISS-MODEL exPASy revealed changes in the
conformation of the protein and in its binding sites, suggesting
that the detected mutation was located in the upstream lipase
domain, and may cause impaired protein-protein interaction
(Fig. SIA and B). The analysis of the G339R substitution by
damage sensitivity program suggested that the mutation is
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Figure 3. Confirmation of the novel SERACI mutation in the proband and the proband's family members, and its location in the SERACI protein domains.
(A) Confirmation of the SERACI mutation by Sanger sequencing revealed that the proband and the proband's brother had homozygous mutations in the
SERACI gene: Substitution of guanine at c.1015 by cytosine at p.1015 (c.1015G>C), resulting in an amino acid change from glycine to arginine (p.339).
Co-segregation analysis of the parents by Sanger sequencing showed their heterozygosity for this novel mutation. The wild-type sequence of the SERACI gene
is presented in the upper panels (black) and mutated sequences are in the bottom panels (green). (B) The pedigree chart was drawn to determine the inheritance
pattern of the mutation in the proband's family. (C) The position of the ¢.1015G>C (p.Gly339Arg) mutation, which is located upstream of the serine-lipase
domain, is illustrated (indicated by the red arrow). SERACI, serine active site-containing 1.

likely to be damaging, with a score of 1.000. Furthermore, the
mutation taster program suggested that the genetic impairment
may cause alterations in the function of the SERACI protein
and is disease-causing.

Discussion

Previous case studies identified pathogenic variants associated
with the phenotypes of MEGDEL syndrome. In the present
study, the characteristics of the disease were detected in both
siblings, including the proband. The present study investigated
the case of two siblings with 3-methylglutaconic aciduria and
type IV 3-MGA with severe phenotypic characteristics of the
disease in order to study the responsible genetic alteration
in depth (2,4,21). To date, ~70 cases of MEGDEL syndrome
have been reported worldwide. Since the clinical profiles
of the affected siblings were entirely compatible with the

characteristics of MEGDEL syndrome, the SERACI gene
was selected as a candidate for mutation screening amongst
genes, including NOC2L, DFFB, CDK11B and NPHP4, with
certain pathogenic variants. The detection of a novel homo-
zygous frameshift mutation in the SERACI gene confirmed
the diagnosis of the syndrome and indicated the association
of this gene with the phenotypic characteristics of MEGDEL
syndrome.

Previous studies detected mutations in the Armadillo-like
helical domain, serine-lipase domain and transmembrane
domain of the SERACI protein, indicating the significance
of each domain's function for protein stability (1,3). The
present study demonstrated that the location of the patient's
mutation was upstream of the lipase domain and the localiza-
tion of the mutation markedly increased damage sensitivity,
causing SERACI protein dysfunction. Therefore, it may be
inferred that this impairment has a crucial role in the onset of
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symptoms. Furthermore, the information obtained from the
presence of a conserved lipase domain having the consensus
lipase motif of GXSXG provides evidence highlighting the
function of the serine lipase domain in lipid metabolism (3).
Although MEGDEL syndrome is a phospholipid-remodelling
disorder, it may also be classified as a disorder of intracellular
cholesterol trafficking.

To summarize, the detailed investigation of the present
study confirmed a novel mutation in the SERACI1 gene in the
affected pedigree. This mutation is suggested to cause protein
conformational changes that consequently result in protein
dysfunction, which may lead to abnormalities in intracellular
cholesterol trafficking. The present case has demonstrated
several phenotypic characteristics of MEGDEL syndrome
with a novel SERACI mutation. The 3-dimensional protein
structure analysis revealed that the detected mutation may
cause conformational changes in protein and binding sites,
affecting protein-protein interaction. Furthermore, the other
novel genetic alterations detected in the present case study
may be responsible for the intense phenotypic characteristics
of MEGDEL syndrome and require further investigation,
which may lead to novel insight regarding the association of
these pathogenic variants with the syndrome.
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