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Case Report

Intermediate MCAD Deficiency Associated with a Novel
Mutation of the ACADM Gene: ¢.1052C>T
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Medium-chain acyl-CoA dehydrogenase deficiency (MCADD) is an autosomal recessive disorder that leads to a defect in fatty
acid oxidation. ACADM is the only candidate gene causing MCAD deficiency. A single nucleotide change, c.985A>G, occurring at
exon 11 of the ACADM gene, is the most prevalent mutation. In this study, we report a Caucasian family with multiple MCADD
individuals. DNA sequence analysis of the ACADM gene performed in this family revealed that two family members showing
mild MCADD symptoms share the same novel change in exon 11, ¢.1052C>T, resulting in a threonine-to-isoleucine change. The
replacement is a nonconservative amino acid change that occurs in the C-terminal all-alpha domain of the MCAD protein. Here
we report the finding of a novel missense mutation, ¢.1052C>T (p.Thr326l1le), in the ACADM gene. To our knowledge, ¢.1052C>T
has not been previously reported in the literature or in any of the current databases we utilize. We hypothesize that this particular

mutation in combination with p.Lys304Glu results in an intermediate clinical phenotype of MCADD.

1. Introduction

Medium-chain  acyl-CoA  dehydrogenase  deficiency
(MCADD; OMIM 607008) is an autosomal recessive dis-
order resulting from a defect of mitochondrial $-oxidation of
medium-chain fatty acids [1]. It is one of the most common
inborn errors of metabolism with an incidence of 1:15,000
in 8.2 million newborns worldwide [2]. Metabolic demands
that require more energy than available from glycogen
stores, such as prolonged fasting, physical exercise, and
intercurrent acute illness, may produce symptoms that if are
unrecognized could potentially lead to metabolic crisis [3].
The clinical presentation of MCADD may vary from severe,
such as hypoglycemia with seizures or death, to a milder
form showing precursors of metabolic decompensation
only. Intellectual disability and developmental delay are
not common in this disorder if individuals are treated in
a prospective manner; however, individuals with classic
MCADD are at risk of losing developmental milestones

after a metabolic event due to brain injury [1]. Furthermore,
approximately 25% of individuals who are undiagnosed will
die during the first metabolic crisis while anywhere from
30 to 40% will have some form of intellectual disability or
developmental delay [4, 5].

ACADM (NM_000016.4), located at 1p31, is the only
candidate gene causing MCAD deficiency. Mutations in the
gene may result in reduced or abolished function of the
MCAD enzymatic protein. c.985A>G, occurring at exon 11
of the ACADM gene is the most prevalent mutation in indi-
viduals of European descent. The single-base pair change
causes the replacement of a lysine by a glutamate at position
304 of the mature protein, p.Lys304Glu. Approximately 81%
of individuals presenting with MCADD will be homozygous
for the p.Lys304Glu genotype, while another 18% will be
heterozygous for p.Lys304Glu and an additional muta-
tion [6]. Since the introduction of MCADD to the new-
born screening (NBS) panel, new mutations continue to
be identified. To date, besides the common mutation
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FIGURE 1: Novel MCADD mutation. (a) MCADD family pedigree. The proband (I-1) is indicated by a black arrow. The father (I-2) is a carrier
as indicated by the dot in the center of the square. All affected individuals are indicated by filled circles (females) or squares (males). (b)
DNA sequencing results. ACADM sequence analysis revealed a heterozygous sequence change of ¢.1052C>T, p.Thr326lle in addition to the
common mutation p.Lys304Glu in patient I-1. Blue arrows indicate the sequence change in patient I-1.

p-Lys304Glu, more than 90 mutations have been found in the
ACADM gene (http://www.biobase-international.com/prod-
uct/hgmd). These mutations are normally found in a com-
pound heterozygous state with p.Lys304Glu and potentially
lead to a loss of MCAD enzyme activity.

We report here, for the first time, a novel mutation in the
ACADM gene, c.1052C>T.

2. Patients and Methods

The proband, a 32-year-old Caucasian female (I-1;
Figure 1(a)) with a positive MCADD newborn screening
result in her first child, was diagnosed to have MCADD
biochemically following her second pregnancy. She generally
reports a very mild clinical phenotype with multiple, though
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TaBLE 1: Plasma concentration of C8 acylcarnitines in the proband
and the three children.

Acylcarnitine profile C8 Acylcarnitine profile C8

Patient (uM), first test (uM), second test

I-1 3.2 (ref. range 0.02-0.30)

II-1 13.3 (ref. range < 0.4) 0.36 (ref. range < 0.11)
1I-2 4.23 (ref. range < 0.4) 6.76 (ref. range < 0.16)
11-3 9.7 (ref. range < 0.47) 3.58 (ref. range 0.02-0.31)

minor, episodes of hypoglycemia as a child and adolescent.
Her firstborn, a daughter (II-1), age 5 years, has a classic
MCADD phenotype and, despite early NBS diagnosis and
treatment with frequent feedings, L-carnitine and a low fat
diet, has required multiple hospitalizations. The proband’s
second child, a son (II-2), now age 3 years, shares his mother’s
mild phenotype. The 1-month-old son (II-3) of the proband,
also picked up on newborn screening, presented as a less
severe phenotype compared to his sister, likely due to the
dietary management and carnitine supplementation during
the pregnancy. Their biological father (I-2) was also included
as part of the family study (Figure 1(a)).

2.1. Sequencing Analysis. Genomic DNA was extracted from
peripheral whole blood using a Qiagen Gentra Puregene
blood kit (Qiagen, Valencia, CA, USA). All coding exons
with exon-intron junctions of ACADM were PCR ampli-
fied and bidirectionally sequenced using BigDye Terminator
v3.1 cycle sequencing (Life Technologies, Grand Island, NY,
USA). Products were separated on an ABI PRISM 3130 XL
genetic analyzer (Life Technologies, Grand Island, NY, USA).
Sequencing data was analyzed by Mutation Surveyor software
(SoftGenetics, State College, PA, USA).

2.2. Acylcarnitine Analysis. Plasma acylcarnitines were mea-
sured by tandem mass spectrometry [7] at Laboratory Cor-
poration of America for patients I-1, II-2, and II-3. Analysis
of patient II-1 acylcarnitine levels was performed at Duke
University Hospital, Biochemical Genetics Laboratory.

3. Results and Discussion

Acylcarnitine patterns for MCADD patients display an
increase in the levels of hexanoyl-CoA (C6), octanoyl-CoA
(C8), decanoyl-CoA (Cl10), and decenoyl-CoA (C10:1) [8].
Accumulation of levels of C8 > 0.3 uM is potentially con-
sidered diagnostic [9]. Plasma acylcarnitines were analyzed
in the mother and her three affected children (Table 1). The
5-year-old daughter (II-1) had elevations of C8, C6, and
C8/CI0 ratios, with overall low carnitine. She was hospi-
talized in the prenatal intensive care unit at 5 days of age
with breathing difficulties, hypoglycemia, and poor breast
feeding. She developed elevated liver enzymes. Her symptoms
were improved with intravenous glucose and regular infant
formula. The proband had her carnitine levels checked at the
beginning of the second trimester for her second child (II-2)
(Table 1). She was provided carnitine supplementation for the

duration of the pregnancy and was diagnosed biochemically
by her acylcarnitine profile demonstrating an elevated C8
species. The second child (II-2) was formula fed. He had
no metabolic decompensation. Following his abnormal NBS,
plasma carnitine/acylcarnitine profiles were obtained and
confirmed diagnostic for MCADD. The proband’s third preg-
nancy began while on carnitine supplementation and was
described as the easiest gestation of all three pregnancies, with
better consistent nutritional intake and decreased nausea and
vomiting. The third child was also identified on NBS and was
biochemically diagnosed with MCADD (Table 1).

Sequencing analysis of the ACADM gene was performed
in the proband (I-1). We detected a heterozygous c.985A>G,
p-Lys304Glu mutation and a heterozygous c¢.1052C>T,
p.Thr326Ile mutation (Figure 1(b)). Following these results,
targeted mutation analysis of the three children was per-
formed. The daughter (II-1) and the third male child (II-3)
were found to be homozygous for p.Lys304Glu mutation.
The girl's genotype correlates with her more severe phe-
notype. At birth, II-3 displayed a C8 profile similar to II-1
(Table 1), although slightly lower due to the mother being
supplemented with carnitine for this pregnancy and not
the first pregnancy. Patient II-2 was demonstrated to have
the same genotype as I-1, p.Lys304Glu and p.Thr326lle,
consistent with his phenotype and the phenotype of his
mother. Targeted sequencing analysis was performed for the
father and indicated that he is a heterozygous carrier for the
p-Lys304Glu mutation (Figure 1(a)).

To date, the p.Thr326Ile missense change has not been
reported in MCADD patients. This replacement is a noncon-
servative amino acid change that occurs in the C-terminal all-
alpha domain of the MCAD protein. This domain consists of
densely packed a-helices, which appear to be important for
the formation of a functional tetramer. Mutations located in
this domain (including the common mutation p.Lys304Glu)
were reported to affect helix-helix interactions and tetramer
assembly and lead to aggregation and loss of function [10, 11].
Utilizing the SIFT Human Protein and Human Coding SNPs
database (Homo sapiens GrCh37 Ensembl 63) [12, 13], we
entered in the region of interest. The results of that analysis
provided us with a prediction of a novel, nonsynonymous,
and damaging change (SIFT score of 0.04). In addition to
SIFT, we used the PolyPhen2 database [14] to determine if the
amino acid change is damaging. The results from PolyPhen2
HumDiv and HumVar predicted that the p.Thr326Ile muta-
tion is possibly damaging with a score of 0.922 and 0.623,
respectively. Because both databases gave results in concor-
dance with each other and the location in the protein is
in the same C-terminal all-alpha domain as p.Lys304Glu,
p-Arg309Lys, and p.Ile331Thr [11], it is suggestive that the
p-Thr3261le change is a deleterious mutation. Taken together,
it suggests that this novel change is likely to be a disease
causing mutation that is associated with a mild MCADD
phenotype. It was reported that the mutations associated
with the mild phenotype, such as p.Ala27Val, p.Tyr42His, and
p-Arg309Lys, have a low risk of metabolic decompensation
[15]. To determine the allele frequency of this novel mutation,
a survey was performed in the MCADD patient database



from Baylor College of Medicine. Five individuals hetero-
zygous for p.Lys304Glu and p.Thr326ILe were identified
among 500 patients. Additionally, a search of the ESP6500
database, 1000 Genomes database, and dbSNP concluded that
this particular mutation has not been previously classified.
Therefore, the allele frequency of p.Thr326lle is less than 1%.
To our knowledge, this is the first report of the ¢.1052C>T
mutation that results in a mild MCADD phenotype.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

Holli M. Drendel and Jason E. Pike contributed equally to this
work.

References

[1] D. Matern and P. Rinaldo, “Medium-chain acyl-coenzyme A
dehydrogenase deficiency;” in GeneReviews, R. A. Pagon, M. P.
Adam, H. H. Ardinger et al., Eds., University of Washington,
Seattle, Seattle, Wash, USA, 1993.

[2] W.J. Rhead, “Newborn screening for medium-chain acyl-CoA
dehydrogenase deficiency: a global perspective,” Journal of
Inherited Metabolic Disease, vol. 29, no. 2-3, pp. 370-377, 2006.

[3] M. Sturm, D. Herebian, M. Mueller, M. D. Laryea, and U.
Spiekerkoetter, “Functional effects of different medium-chain
acyl-CoA dehydrogenase genotypes and identification of
asymptomatic variants, PLoS ONE, vol. 7, no. 9, Article ID
€45110, 2012.

[4] B. Wilcken, K. Carpenter, and V. Wiley, “Neonatal screening
for medium-chain acyl-CoA dehydrogenase deficiency,” The
Lancet, vol. 359, pp. 627-628, 2002.

[5] E. H. Smith, C. Thomas, D. McHugh et al., “Allelic diversity in
MCAD deficiency: the biochemical classification of 54 variants
identified during 5 years of ACADM sequencing,” Molecular
Genetics and Metabolism, vol. 100, no. 3, pp. 241-250, 2010.

[6] S.S. Wang, P. M. Fernhoff, W. H. Hannon, and M. J. Khoury,
“Medium chain acyl-CoA dehydrogenase deficiency human
genome epidemiology review;” Genetics in Medicine, vol. 1, no.
7, pp. 332339, 1999,

[7] P. Rinaldo, T. M. Cowan, and D. Matern, “Acylcarnitine profile
analysis,” Genetics in Medicine, vol. 10, no. 2, pp. 151-156, 2008.

[8] D. C. Lehotay, J. LePage, J. R. Thompson, and C. Rockman-
Greenberg, “Blood acylcarnitine levels in normal newborns
and heterozygotes for medium-chain acyl-CoA dehydrogenase
deficiency: a relationship between genotype and biochemical
phenotype?” Journal of Inherited Metabolic Disease, vol. 27, no.
1, pp. 81-88, 2004.

[9] J. L. K. Van Hove, W. Zhang, S. G. Kahler et al., “Medium-
chain ccyl-CoA dehydrogenase (MCAD) deficiency: diagnosis
by acylcarnitine analysis in blood,” The American Journal of
Human Genetics, vol. 52, no. 5, pp- 958-966, 1993.

[10] J.-J. P. Kim, M. Wang, and R. Paschke, “Crystal structures
of medium-chain acyl-CoA dehydrogenase from pig liver
mitochondria with and without substrate,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 90, no. 16, pp. 7523-7527, 1993.

Case Reports in Genetics

[11] E. M. Maier, S. W. Gersting, K. E Kemter et al., “Protein
misfolding is the molecular mechanism underlying MCADD
identified in newborn screening,” Human Molecular Genetics,
vol. 18, no. 9, pp. 1612-1623, 2009.

[12] P. C. Ng and S. Henikoff, “Predicting deleterious amino acid
substitutions,” Genome Research, vol. 11, no. 5, pp. 863-874, 2001.

[13] P. Kumar, S. Henikoff, and P. C. Ng, “Predicting the effects of
coding non-synonymous variants on protein function using the
SIFT algorithm,” Nature Protocols, vol. 4, no. 7, pp. 1073-1081,
2009.

[14] 1. A. Adzhubei, S. Schmidt, L. Peshkin et al., “A method and
server for predicting damaging missense mutations,” Nature
Methods, vol. 7, no. 4, pp. 248-249, 2010.

[15] J. M. Jank, E. M. Maier, D. D. Reib et al., “The domain-specific
and temperature-dependent protein misfolding phenotype of
variant medium-chain acyl-CoA dehydrogenase,” PLoS ONE,
vol. 9, no. 4, Article ID 93852, 2014.



