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Objectives: To describe the clinical and molecular
characteristics of patients with very long-chain

acyl-CoA dehydrogenase (VLCAD) deficiency.

Methods: A retrospective observational cross-sectional
analysis was conducted on all patients with VLCAD
deficiency at (Genetic/Metabolic Section), Prince
Sultan Military Medical City (PSMMC), Riyadh,
Saudi Arabia from 2000 to 2019. Demographic,
clinical, and laboratory data were abstracted from the
electronic hospital records using a case report form.
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Results: A total of 14 children were analyzed. Six
presented with hypoglycemia, 4 with cardiomyopathy,
and 10 had rhabdomyolysis. Five patients had early
onset severe phenotype, while 9 had mild form. The
molecular study revealed homozygous mutations
in ACADVL in all 14 patients. Three variants were
not reported before. All patients were treated with
medium-chain triglyceride and carnitine. Ten patients
are alive and have normal development, while 4 died.

Conclusion: Most of the patients in this cohort
presented in the neonatal period either by newborn
screening  or  clinically  with  hypoglycemia,
cardiomyopathy, and rhabdomyolysis. The new
molecular variants detected in this study broaden
the genetic spectrum of VLCAD deficiency in Saudi
Arabia.
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ery long-chain acyl-CoA dehydrogenase (VLCAD)

deficiency (OMIM#201475) is an autosomal
recessive disorder of fatty acid oxidation with significant
variability in the severity and timing of its clinical
presentation.! The incidence of VLCAD deficiency
world-wide varies from 1:30,000 to 1:100,000 live
births.! In Saudi Arabia, an incidence of 1:37,000 has
been reported.? The disease is the result of mutations in
the acyl-CoA dehydrogenase very long-chain (ACADVL)
gene, causing deficiency of VLCAD, which catalyzes the
initial step of mitochondrial B-oxidation of long-chain
fatty acids.” This leads to the accumulation of high
plasma levels of long-chain acylcarnitine conjugates,
especially the tetradecenoyl (C14:1) acylcarnitine.?

Very long-chain acyl-CoA dehydrogenase deficiency
is clinically heterogeneous and can exhibit a wide range
of clinical outcomes, including a severe neonatal-onset
disease associated with high mortality, and a high
incidence of cardiomyopathy.*® The infantile-onset
form of VLCAD deficiency usually presents with
hypoketotic hypoglycemia and rarely cardiomyopathy
and has low mortality.* The adult-onset form affects the
skeletal muscle, primarily causing rhabdomyolysis, and
myoglobinuria, which is usually triggered by exercise
or fasting."** In addition, VLCAD deficiency can be
diagnosed by newborn screening (NBS), and is typically
identified through high C14:1 acylcarnitine.? In the
United States of America (USA), large multicenter NBS
studies reported positive predictive values of 20% to
30% for the detection of VLCAD deficiency.”® Several
studies reported the outcome of NBS and have shown
that most of the babies appeared to be asymptomatic
on follow-up.®” Different variants have been reported
in ACADVL that cause variable clinical presentations.
Nevertheless, some reports documented apparent
phenotype/genotype correlation.**

As VLCAD deficiency is a rare disease and there
is insufficient data available from the Middle East,
we report the clinical and molecular characteristics of
patients with VLCAD deficiency who attended our
center.'?

Methods. This retrospective cross-sectional review
of 14 genetically confirmed cases of VLCAD deficiency
attending the metabolic center at Prince Sultan Military
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Medical City (PSMMC), Riyadh, Saudi Arabia. It is a
tertiary health care facility with more than 1000 beds
that serves a large population in the Kingdom of Saudi
Arabia. Data for all patients attending the facility from
2000 to 2019 were analyzed with special emphasis on
the clinical and molecular characteristics. Demographic,
clinical, and laboratory data were gathered from the
electronic hospital records using a case report form.
The neuro-developmental assessment was carried out
by the attending pediatrician according to the clinical
examination findings.

The diagnosis of VLCAD deficiency among the
studied cases was suspected by the presence of high
C14:1 acylcarnitine and confirmed by the identification
of biallelic pathogenic variants in the ACADVL gene.
Molecular testing was carried out by ACADVL gene
sequencing, target mutation or whole exome sequencing
depending on the clinical scenario, the family history,
and the access to the test. Other supporting investigations
like creatinine phosphokinase, glucose, liver function
and echocardiography were recorded. All patients were
supplemented with L-carnitine (50 mg/kg body weight/
day) and medium-chain triglyceride (MCT) formula,
with added corn starch when needed.

We grouped the mode of presentation of the patients
in 3 entities, routine NBS, high risk NBS, and clinical
presentation. Routine NBS is part of the national NBS
which is performed between day 2 and 5 after birth.
High risk screening was carried out for infants who have
asibling with VLCAD deficiency. It is usually carried out
in the first week of life. The third group includes infants
who presented with symptoms suggestive of VLCAD
deficiency such as hypoglycemia and cardiomyopathy
that lead to the diagnosis. Rhabdomyolysis is defined as
peak creatinine phosphokinase more than 1000 U/LI.
Metabolic decompensation is referred to acute metabolic
acidosis, shock and multiorgan failure." The severity of
VLCAD deficiency is classified as early onset severe
type, mild childhood, and adult onset type according to
the previous studies."*

This study was approved by the PSMMC
Institutional Research Board. Ethical consideration to
ensure confidentiality and privacy of the collected data
were observed.

Statistical analysis. 'The statistical analysis was
carried out using Statistical Package for Social Sciences
for Windows, version 22 (IBM Corp, Armonk, NY,
USA). Data are reported as frequencies and percentages.
A p value of <0.05 was considered as significant.

Results. Fourteen patients with VLCAD deficiency
confirmed by molecular analyses were included in this
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study. Eight patients diagnosed in the neonatal period,
5 in infancy, and one at 2 and half years (Table 1). Six
patients diagnosed by high risk NBS, 2 by routine
NBS, one was diagnosed antenatally by amniocentesis,
and 5 presented clinically with symptoms suggestive of
VLCAD deficiency. Four patients have cardiomyopathy,
6 have hepatomegaly, 6 have hypoglycemia, 9 have
lactic acidosis, and 10 rhabdomyolysis. Four patients
had metabolic decompensation with metabolic
acidosis, shock and multi-organ failure. Five patients
have early-onset severe phenotype and 9 have mild
childhood phenotype. None of our patients have adult
onset type. Consanguinity was found in 13 patients
(93%); all patients’ parents were first degree cousins.
Family history of a sibling with VLCAD deficiency was
observed in 11 patients representing 79% of the cohort.

Table 1 shows the molecular spectrum of the patients
with VLCAD deficiency. All of the patients (100%) were
homozygous for variants in the ACADVL gene, 8 were
missense variants, 3 nonsense, 2 frameshift mutations,
and one deletion. Two variants were novel: ¢.1557delG

(p. §520vfs) and ¢.779C>T (p.T260M) (Tables 1 & 2).

Family segregation and In Silico prediction studies
(Mutation Taster, www.mutationtaster.org; SIFT, htep://
sift.jevi.org/) predict the variants to be deleterious.

All patients had normal neuro-developments
according to their age. Four patients died (28.5%) in the
first 2 years of life. All have severe early-onset phenotype
and 3 of them had cardiomyopathy that was of infantile
onset, while the fourth had metabolic decompensation
with metabolic acidosis, shock, and multi-organ failure
(Table 1). Two of the deceased had frameshift variant
with stop codon, one had nonsense, and one had
missense variant (Table 1). Most of the patients with the
mild childhood phenotype have missense variant, while
most of the early-onset severe phenotype have nonsense,
frameshift and deletion variants, p=0.036331 as shown
in Table 3. In contrast, no significant correlation was
found between the genotype and the survival (Table 4)
or between the mode of the diagnosis and the severity

of the phenotype (Table 5).

Discussion. Very  long-chain  acyl-CoA
dehydrogenase deficiency is a major metabolic disorder

Table 1 - Clinical, biochemical, and molecular characteristics of 14 patients with VLCAD deficiency.

Case Current Gender Ageat Mode of Hepato- Cardio- Rhabdo- Hypo-  Cl14  Cl4:1 Lactic Peak Metabolic Pheotype  Genetic Variant FH Consan- Out-
age symptom presen- megaly myopathy myolysis glycemia (<0.6  (<0.39) acid CPK decom-  severity  testing guinity come
(year) onset tation umol/l) (0.5-2.2 (50-190  pensation
mmol/L) U/L)
1 7 M 2.5 Clinical Yes No Yes Yes 0.345 1.12 1.3 2550 No Mild WES  ¢.898_900del, Yes Yes alive
p-E300del
2 M 1D Highrisk  Yes Yes Yes No 2.4 1.8 7.8 24641 Yes Severe Gene c.1557del,  Yes  Yes died at
NBS sequence  p.S520vFs* 2 years
3 M 1D Highrisk  Yes Yes Yes Yes 4.9 2.41 8.7 4303 Yes Severe  FAO panel  c.1557del ~ Yes  Yes  died at
NBS p-5520vFs* 2 years
4 3 M 2M  Highrisk No No Yes No 2.17 3.00 32 35594 No Mild Target  c.1313G>A,  Yes  Yes alive
NBS/ mutation  p.G438E
antenatal
5 F 2M Clinical No Yes Yes Yes 1.30 1.05 3.9 3592 Yes Severe Gene c.1313G>A,  Yes  Yes  died at
sequence  p.G438E 3M
6 4 M 2M  Highrisk  No No No No 1.3 0.3 5.7 568 No Mild Gene c779C>T,  Yes no alive
NBS sequence  p.T260M
7 8 F 2M  Highrisk  No Yes Yes No 3.4 1.2 NA 4786 No Severe Gene c.65C>A,  Yes  Yes alive
NBS sequence p.S22*
8 13 F 4M Clinical Yes No Yes Yes 1.45 0.75 5 82703 No Mild Gene c.1748C>T,  Yes Yes alive
sequence p-S583L
9 3 F 8M Clinical No No Yes Yes 0.17 0.29 1.6 2208 No Mild WES c.1310A>C, no Yes alive
p-E437A
10 10 M 4M  Highrisk  Yes No No No NA 1.8 3.4 581 No Mild  FAO Panel c.1748C>T, Yes  Yes alive
NBS p-S583L
11 2 M 1D Routine  No No Yes No 1.4 0.8 1.2 3649 No Mild WES  c.134C>A,p.  Yes  Yes alive
NBS S45*
12 8 F 3M Clinical ~ Yes No No Yes 1.5 2.31 5.0 583 No Mild Gene c.1175A>C, no Yes alive
sequence p-E392A
13 1 F Asymp-  Routine ~ No No No No NA 0.11 4.9 162 No Mild Gene ¢.1700G>A, no Yes alive
tomatic ~ NBS sequence  p.R567Q
14 M 1M  Highrisk  No No Yes No 1.41 1.12 3.4 12703 Yes Severe Gene c.65C>A,  Yes  Yes died
NBS sequence p.S22* at 1.7
years
FAO panel: fatty acid oxidation deficiency panel, NBS: new born screening, FH: family hsitory, CPK: creatinine phosph kinsae, WES: whole exome sequencing, M: months, D: days
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Table 2 - Genotypic features of 14 patients with VLCAD deficiency.

DNA cucleotide Variant

. 0 .
change Protein n (%) characteristic Zygosity Reference sequences PMID ref
. Watanabe et al'!
c.65C>A p-S22 2(16.7) Known Homozygous NM_000018.4 PMID: 10790204
c.1313G>A p-G438E 2 (16.7) Not reported Homozygous NM_000018.4 -
¢.1557delG p.S520Vis* 2(16.7) Novel Homozygous - -
Andresen et al?
c.779C>T p-T260M 1 (8.3) Known Homozygous NM_000018.3 PMID: 8845838
Souri et al'?
c.1748C>T p-S583L 2 (16.7) Known Homozygous NM_000018.4 PMID: 9599005
Hisahara et al'?
c.1310A>C p-E437A 1 (8.3) Known Homozygous NM_001270447 PMID: 25843429
« Watanabe et al'!
c.134C>A p.S 45 1 (8.3) Known Homozygous NM_001270447.1 PMID: 10790204
c.1175A>C p-E392A 1 (8.3) Novel Homozygous NM_001033859 -
Schiff et al”®
c.1700G>A p-R567Q 1 (8.3) Known Homozygous NM_000018.3 PMID: 23480858
16
¢.898_900del p-E300del 1 (8.3) Known Homozygous NM_001270447.1 Isackson et al

PMID: 23169530

VLCAD: very long-chain acyl-CoA dehydrogenase, DNA: deoxyribonucleic acid, PMID: PubMed reference number

Table 3 - Phenotype/genotype correlation of 14 patients with very long-
chain acyl-CoA dehydrogenase deficiency.

Genotype Mild Severe P-value
phenotype  phenotype

Nonsense/frameshift/deletion 2 4 0.036331

Missense 7 1

Total 9 5

Table 4 - Correlation of genotype with survival in 14 patients with very
long-chain acyl-CoA dehydrogenase deficiency.

Genotype Alive  Died P-value
Nonsense/frameshift/deletion 3 3
Missense 7 1 0.124283
Total 10 4

of mitochondrial fatty acid beta-oxidation, with
significant variability in the severity and timing of its
clinical presentation. In this report, we present our
experience with 14 patients and compare their clinical
phenotype and genotype with the previous studies.

In this cohort, 9 patients were diagnosed by NBS
while the rest presented clinically with symptoms
suggestive of VLCAD deficiency. This is unlike the
experience from the USA where the majority of patients
with VLCAD deficiency were picked up by NBS as
described in publications from large multistate NB-S
consortium.>® This could be explained by the fact that
our universal NBS started in 2011; therefore, some of
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Table 5 - Correlation of the mode of presentation with the severity of
the phenotype in 14 patients with very long-chain acyl-CoA
dehydrogenase deficiency.

Mode of Mild Severe

. P-value
presentation phenotype  phenotype
Newborn screening 5 0.36038
Clinical presentation 4 1 ’ /
Total 9 5

the older patients before the screening era presented
clinically. However, some of our patients before the
implementation of the national NBS were diagnosed
by high risk NBS when family history of VLCAD
deficiency was reported. The data from the large
NBS programs from the United States, Australia, and
Europe indicate that most of the detected infants tend
to have mild form of the disease.> In contrast, infants
diagnosed by NBS in our cohort have comparable mild
and severe forms. This is because some of these patients
were diagnosed by high risk NBS. In fact, one of the 2
infants diagnosed by routine NBS is still asymptomatic
and the other infant has mild phenotype. Generally,
NBS seems to improve the short-term outcome of
VLCAD deficiency; however, there is a lack of data on
the long-term outcome of individuals diagnosed during
NBS.* This is partly due to the logistical and patient-
privacy issues faced by the screening institutes when
attempting to collect clinical information from a large
cohort of patients seen by different care providers.

As documented in the previous work, VLCAD
deficiency is classified into 3 phenotypes according to
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the disease severity."*>*!° One third of our patients
have severe early-onset phenotype presenting with
cardiomyopathy and metabolic decompensation, while
the rest have mild childhood type characterized by
hypoglycemia, hepatomegaly, and rhabdomyolysis. In
contrast to this, the majority of infants with VLCAD
deficiency reported from the western countries and
Australia have mild childhood phenotype and some
have adult-onset type.’? Interestingly, none of our
patients had adult-onset disease. These patients may
be missed by the referring physicians as presentation of
these patients tend to be mild and nonspecific, mainly
as rhabdomyolysis. Also, the awareness on this rare
genetic disease among adult physicians is probably low.

The molecular basis of VLCAD deficiency is diverse,
with >200 mutations reported in the literature." The
genotype of patients in this cohort showed that all of
them were homozygous for variants in the ACADVL
gene. This is not unusual for autosomal recessive
disorders in a highly consanguineous population like
Saudi Arabia. We found significant correlation between
the genotype and the severity of the phenotype in
this study, (p=0.036331). We detected a spectrum
of variants in this cohort: mostly missense, but also
nonsense stop codon and frameshift variants. This is
unlike the previous Saudi report in 37 patients with
VLCAD deficiency, which showed a single founder
nonsense mutation in exon 2 of ACADVL c.65C>A,p.
Ser22X in 31 patients (83.7%)."° We found this
variant in only 2 of our patients. This could possibly
be explained by the tribal make-up of the population
served by different institutes where this study and the
previous study were conducted. Our institute serves
military personnel and their families from different
parts of the country. This might account for the variable
variants detected in our study. The nonsense variant
c.65C>A, p.S22* results in truncated protein, and
therefore leads to null enzyme level. This explains the
severe phenotype and the high mortality reported with
this variant in the previous Saudi study.'” Similarly,
our 2 patients with this variant had severe early-onset
phenotype. One died at 1.7 years of age in a peripheral
hospital with severe metabolic decompensation and
multi-organ failure. Unfortunately, echocardiography
was not carried and therefore cardiomyopathy was not
confirmed. The second one is currently 8 years old with
cardiomyopathy, her neurodevelopment was normal.
Therefore, this study confirmed that the nonsense
variant ¢.65C>A, p.S22* is associated with severe early
onset phenotype.

The second and the third deceased subjects in this
cohort are siblings who presented with an early-onset
severe phenotype with cardiomyopathy, and were

homozygous for the variant: ¢.1557delG (p.520Vfs*).
This stop codon novel variant is expected to result
in null enzyme activity and therefore explains the
associated severe disease and death.

The fourth deceases subject in this study presented
at 2 months of age with an early-onset severe phenotype
with cardiomyopathy and died at 3 months with
multi-organ failure.  She was homozygous for the
missense variant ¢.1313G>A  (p.G438E). To our
knowledge, this variant has not been previously
reported in the literature in individuals with ACADVL-
related disease."#%1%16 Tn Clin Var, a report of this
variant predicts that the amino acid residue p.Gly438
of the ACADVL protein has been highly conserved
during evolution. In Silico tools (PolyPhen-2. SIFT and
Mutation Taster) predict the p.Gly438Glu change to be
probably damaging, deleterious, and disease causing. The
younger brother of this deceased infant was diagnosed
antenatally with the same variant and started carnitine
and medium-chain triglyceride formula since birth. He
is currently 3 years old and have mild phenotype with
recurrent rhabdomyolysis associated mostly with viral
infections. He has no hypoglycemia, hepatomegaly or
cardiomyopathy. It is not clear why these 2 siblings
have the same variant but different phenotype. The
only difference was the prospective treatment of the
brother since birth. However, we cannot make a firm
statement regarding this association from one family.
This observation needs to be confirmed in other families
with the same variant.

Also, another 2 years old patient in this cohort
diagnosed by routine NBS and treated prospectively
has mild phenotype with rhabdomyolysis and no
cardiomyopathy. Interestingly, this boy carries a
homozygous nonsense variant (c.134C>A,p.545%). This
variant is expected to cause null enzyme activity and
therefore severe disease. It is not clear whether this mild
phenotype resulted from the prospective treatment since
birth or not. Larger prospective studies may clarify these
findings regarding the phenotype/genotype correlation.
Nevertheless, our findings indicate that null mutations
are likely to be associated with severe phenotype. On the
other hand, 7 of our 8 patients with missense mutations
have mild phenotype. This is expected as the missense
variants are likely to have residual enzyme activity.

Patient 9 had homozygous variant, c.1310A>C
p-(Glu437Ala), which causes an amino acid change
from Glu to Ala at position 437. This variant has
already been described as disease-causing for VLCAD
dehydrogenase deficiency by Hisahara et al'* (PMID:
25843429). The authors reported that this variant
was detected in heterozygous state in a patient with
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elevation of serum C14:1 revealed by tandem mass
spectrometry. In the same patient, high performance
liquid chromatographic analysis showed decreased
production of 2-hexadecenoyl-CoA (C16:1) from
palmitoyl-CoA (C16:0), indicating the defect of
VLCAD activity. The authors proposed this variant to
have a dominant negative effect and reported it as variant
of uncertain significance. Our patient with the same
variant in homozygous state presented with recurrent
hypoglycemia and rhabdomyolysis. Her C14:1 was high
and urine organic acid showed dicarboxylic aciduria.
This clinical and biochemical profile in addition to the
family segregation is consistent with VLCAD deficiency.
Furthermore, in Silico tools (Polyphen, SIFT, mutation
Taster) predict this variant to be probably damaging,
deleterious and disease causing respectively. We think
this variant should be considered as likely pathogenic.

The variant ¢.848T>C (p.V283A) has been reported
as the most frequent mutation in VLCAD deficient
patients in the west."* This variant is likely to cause mild
childhood phenotype. We did not observe this variant
in our cohort. It was also not detected in other Saudi
studies.'” The mortality rate in this study was 28.5%.
In a previous Saudi study, the mortality rate was 62.1%
among the 37 studied VLCAD deficiency patients.'’ The
higher rate of death reported in that study was attributed
to the high rate of cardiomyopathy that reached 59.4%.
Similarly, the mortality rate of VLCAD deficiency has
been reported to be as high as 75% in patients clinically
diagnosed during pre-NBS."* The lower mortality rate
in the current study may be explained by the spectrum
of the variants with predominant missense mutations
while the majority of the subjects in the other Saudi
study carry a common null mutation.'

Study limitations. The relatively small sample size
and the fact that we were unable to measure the VLCAD
enzyme level which could have ascertained our findings
more. Nevertheless, this study broadens the molecular
spectrum of VLCAD deficiency in Saudi population. It
also gives some phenotype/genotype correlation.

In conclusion, the clinical, biochemical, and
molecular data of this study on patients with VLCAD
deficiency indicate that their phenotype is variable and
their mortality rate is lower compared to the previous
Saudi reports. The molecular spectrum observed in this
study broadens the genotype of VLCAD deficiency
in Saudi patients and gives some phenotype genotype
correlation. This study might explain the discrepancies
between this and other similar reports, particularly
those related to the phenotype and the mortality rate.
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