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Abstract

Carnitine is essential for the transfer of long-chain fatty acids across the inner mitochondrial
membrane for subsequent B-oxidation. It can be synthesized by the body or assumed with the diet
from meat and dairy products. Defects in carnitine biosynthesis do not routinely result in low
plasma carnitine levels. Carnitine is accumulated by the cells and retained by kidneys using
OCTNZ, a high affinity organic cation transporter specific for carnitine. Defects in the OCTN2
carnitine transporter results in autosomal recessive primary carnitine deficiency characterized by
decreased intracellular carnitine accumulation, increased losses of carnitine in the urine, and low
serum carnitine levels. Patients can present early in life with hypoketotic hypoglycemia and
hepatic encephalopathy, or later in life with skeletal and cardiac myopathy or sudden death from
cardiac arrhythmia, usually triggered by fasting or catabolic state. This disease responds to oral
carnitine that, in pharmacological doses, enters cells using the amino acid transporter B0+,
Primary carnitine deficiency can be suspected from the clinical presentation or identified by low
levels of free carnitine (CO) in the newborn screening. Some adult patients have been diagnosed
following the birth of an unaffected child with very low carnitine levels in the newborn screening.
The diagnosis is confirmed by measuring low carnitine uptake in the patients’ fibroblasts or by
DNA sequencing of the SLC22A5 gene encoding the OCTN2 carnitine transporter. Some
mutations are specific for certain ethnic backgrounds, but the majority are private and identified
only in individual families. Although the genotype usually does not correlate with metabolic or
cardiac involvement in primary carnitine deficiency, patients presenting as adults tend to have at
least one missense mutation retaining residual activity.
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INTRODUCTION

Carnitine (B-hydroxy-y-trimethylammonium butyrate) is a hydrophilic quaternary amine
that plays an essential role in energy metabolism. The main function of carnitine is the
transfer of long-chain fatty acids to mitochondria for subsequent -oxidation [1]. Carnitine
also binds acyl residues deriving from the intermediary metabolism of amino acids and help
in their elimination functioning as a scavenger [2]. This mechanism is essential in binding/
removing abnormal organic acids in several organic acidemias and explains the secondary
carnitine deficiency that can result from them [3]. Carnitine conjugation decreases the
number of acyl residues attached to coenzyme A (CoA) and increases the ratio between free
and acyl-CoAs [4]. This mechanism is especially important in disorders of mitochondrial
fatty acids oxidation, when fatty acyl-CoAs accumulate in organs such as the heart inducing
apoptosis and inflammation [5]. The conjugation of different acyl residues with carnitine
produces acylcarnitine species that can be used as markers for newborn screening and for the
diagnosis of inborn errors of metabolism using tandem mass spectrometry [3, 6].

Carnitine homeostasis reflects the balance among absorption from the diet, endogenous
biosynthesis, and efficient renal reabsorption [7]. The average adult diet provides about 75%
of daily carnitine requirements, mostly from meat and dairy products [3, 8-10]. Animal
tissues contain relatively high amount of carnitine (between 0.2—-6 pmol/g), with the highest
concentration in heart and skeletal muscle [11]. Carnitine is transported from the intestinal
lumen into the enterocyte, with the fraction not absorbed in the small intestine being almost
completely degraded by bacteria in the large intestine [7]. The balance of carnitine
requirement (about 25% in adults) is synthesized endogenously from the amino acids lysine
and methionine, at an approximate rate of 1 to 2 pmol/kg body weight/day [7, 11, 12].

Even though carnitine is present primarily in animal products, strict vegetarians (vegans) and
lacto-ovo-vegetarians maintain normal carnitine levels, indicating that humans not only
synthesize carnitine, but also effectively conserve it through renal tubular reabsorption [7].
At normal circulating concentrations (25-50 pM), carnitine is efficiently reabsorbed by
active transport through the high affinity carnitine transporter called organic cation
transporter novel 2 (OCTNZ2), localized in the renal brush border membrane [3, 7, 13-15].
As dietary intake of carnitine decreases, the efficiency of carnitine reabsorption increases;
likewise, the rate of carnitine excretion increases rapidly and the efficiency of carnitine
reabsorption decreases as the plasma concentration and filtered load of carnitine increases
[15]. This homeostatic mechanism serves to maintain circulating carnitine concentrations in
a relatively narrow range, allowing the excretion of excess carnitine, for example following
ingestion of oral or intravenous carnitine supplements [7].

The high-affinity OCTN2 (SLC22A5 gene) carnitine transporter plays a key role in carnitine
homeostasis. OCTN2 was first identified in 1998 for its homology to the organic cation
transporter novel 1 (OCTNL, SLC22A4 gene) [14]. It is highly expressed in the heart,
muscle, and kidney and operates a sodium-dependent transport of carnitine and a sodium-
independent organic cation transport [3]. A defect in the OCTN2 carnitine transporter causes
primary carnitine deficiency and results in urinary carnitine wasting, low serum carnitine
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levels (0-8 pM, normal 25-50 pM), and decreased intracellular carnitine accumulation [3,
16].

THE CARNITINE CYCLE IN FATTY ACID OXIDATION

Fatty acids oxidation is an important source of energy production in mammals. During
periods of fasting, fatty acids turn into the predominant substrate for energy production via
oxidation in the liver, cardiac muscle, and skeletal muscle (Fig. 1) [2, 3]. The brain does not
directly uses fatty acids for oxidative metabolism, but utilizes ketone bodies derived from
acetyl-CoA and acetoacetyl-CoA produced by p-oxidation of fatty acids in the liver [3].
Fatty acids originate from three primary sources: exogenous fatty acids that enter cells from
the blood or from the gut lumen, fatty acids that arise via de novo synthesis from acetyl-
CoA, and fatty acids that are released within the cell by the hydrolysis of acylated proteins,
phospholipids, and triglycerides [17]. Endogenous fatty acids are mobilized from adipose
tissue stores and transported in the circulation primarily bound to albumin (Fig. 2) [3]. The
main proteins involved in the transfer of fatty acids across the plasma membrane are: fatty
acid transport proteins (FATPs), fatty acid translocase (FAT/CD36), caveolins, and plasma
membrane fatty acid binding proteins (FABPpm) [18-20].

FATPs are transmembrane proteins that enhance the uptake of long-chain (16-20 carbon
atoms) fatty acids into cells [2, 19, 20]. In humans, FATPs comprise a family of six highly
homologous proteins, FATP1-FATP6 (SLC27A1-6 gene) [20, 21]. FATPs have acyl-CoA
synthase (ACS) activity [20], converting fatty acids to acyl-CoA thioesters in order to
activate them for metabolic processes [2, 20, 22]. The intrinsic ACS activity of FATPs
maintains a constant gradient of free fatty acids from the extracellular to the intracellular
milieu, with trapping of the long-chain fatty acyl-CoA thioesters inside the cell (vectorial
acylation) [17, 20, 23-26], a process conserved from Saccharomyces cerevisiae [27]. FATP1
is highly expressed in the skeletal muscle, heart, white adipose tissue and brown adipose
tissue, with an increase in expression upon differentiation of 3T3-L1 cells from pre-
adipocytes to adipocytes [20]. Increased expression of FATP1 has been associated with
insulin resistance, with a negative correlation between SLC27A1 (the gene encoding FATP1)
expression and body mass index in humans [20, 28]. FATP2 is expressed primarily in the
liver and kidney and has two splice variants in humans (FATP2a and FATP2b): both variants
mediate fatty acids uptake, but only FATP2a has ACS activity, with a preference for very
long-chain fatty acids [20, 29]. Knockdown of FATP2 in mice suggests a major role in
peroxisomal ACS activity [20]. Very little is known about the physiological role of FATP3
and its subcellular localization is still unclear [20]. FATP4 is primarily expressed on the
apical side of enterocytes and in the skin where it plays a major role in epidermal
development [20, 30]. Mutations in SLC27A4 (the gene encoding FATP4) cause autosomal
recessive congenital ichthyosis prematurity syndrome (OMIM #608649). This disease is
characterized by thickened epidermis and respiratory complications, and displays symptoms
that are similar to the phenotype seen in S/c27a4 knockout mice [20, 31-33]. FATP5 is
expressed exclusively in the basal membrane of hepatocytes. Hepatocytes from mice lacking
FATP5 have reduced long-chain fatty acids uptake, are resistant to hepatic steatosis, and are
essential for bile acid re-conjugation [20, 21, 34]. In mice, FATP5 (SLC27A5 gene) is
involved in body weight regulation, while in humans SLC27A5 expression is increased in
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patients with early-stage non-alcoholic fatty liver disease [20, 21, 35]. FATP6 is expressed
primarily in the heart, specifically in the sarcolemma of cardiomyocytes and plasma
membranes juxtaposed to the blood vessels of the heart, where it co-localizes with another
fatty acid transport protein, FAT/CD36 [20]. FATP6 (SLC27A6 gene) functions as a fatty
acid transporter in the heart and variations in SLC27A6 are associated with lower
triglyceride levels , blood pressure, and left ventricular hypertrophy [20, 36].

FAT/CD36 (CD36 gene) is expressed in a wide variety of cells including macrophages,
adipocytes, myocytes, enterocytes, and hepatocytes and functions as a receptor for collagen,
thrombospondin, Plasmodium falciparum infected red blood cells [37], apoptotic
neutrophils, oxidized low density lipoproteins, and as a transporter for long chain fatty acids
[18]. This transmembrane protein facilitates the uptake and intracellular trafficking of free
fatty acids, as well as esterification into triglycerides in heart and skeletal muscle cells [2,
18, 38, 39]. Patients with FAT/CD36 deficiency have postprandial hypertriglyceridemia,
insulin resistance, and hypertension, with increased atherosclerotic risk [40]. FAT/CD36
deficiency has also been associated with malaria susceptibility in humans [41].

Caveolins (caveolins 1, 2, and 3) are integral membrane proteins that serve as core
components of caveolae. Caveolae are 60-80 nm flask-shaped, non-clathrin-coated plasma
membrane invaginations that project into the cytoplasm, particularly abundant in
cholesterol- and sphingolipid-rich lipid rafts in adipocytes, where they are increased during
adipocyte differentiation [42]. Caveolin-1 (CAVI gene) is ubiquitously expressed, but shows
high expression in adipocytes, fibroblasts, pneumocytes, neurons, glia, endothelial and
epithelial cells [42]. Caveolin-1 directly binds cholesterol and long-chain free fatty acids
facilitating their transport inside the cell and upregulates the expression of FAT/CD36 on the
plasma membrane [18]. Loss of function of CAVZ cause Berardinelli-Seip congenital
lipodystrophy and congenital generalized lipodystrophy type 3 (OMIM #612526),
characterized by marked paucity of adipose tissue, extreme insulin resistance,
hypertriglyceridemia, hepatic steatosis, and early onset of diabetes [43]. Similar features are
seen in CavI knockout mice [44]. Caveolin-2 (CAVZgene) localizes with caveolin-1 [45].
No clear phenotype has been associated with CAV2deficiency in humans, while Cav2
knockout mice demonstrate severe pulmonary dysfunction along with little or no change in
caveolin-1 expression and caveolae formation [46]. Caveolin-3 (M-caveolin, CAV3gene) is
muscle-specific and plays a key role in muscle development and physiology, being critical
for the electrical transmission of the contractile impulse, and for the muscle cell membrane
stability [42, 47, 48]. Mutations in CAV3can cause a clinical continuum of skeletal muscle
phenotypes: limb-girdle muscular dystrophy type 1C (OMIM #607801), rippling muscle
disease-2 (OMIM #606072), isolated hyperCKemia (OMIM #123320), and distal myopathy
(OMIM #614321) [48]. The same mutation can cause heterogeneous phenotypes, with intra-
familial variability and no genotype/phenotype correlation [48].

The FABPs are a family of 14-15 kDa proteins that bind with high affinity to hydrophobic
ligands such as free saturated and unsaturated long-chain fatty acids, their CoA derivatives,
bilirubin, organic anions, and other small molecules [18]. FABP isoforms have tissue-
specific expression and differ in stoichiometry, affinity, and specificity toward their ligands
[49, 50]. They are evolutionarily conserved and similar genes are present in Drosophila
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melanogaster, Caenorhabditis elegans, mice and humans [49]. FABPs enhance free fatty
acids solubility and facilitate transfer to specific cellular compartments (mitochondria and
peroxisomes for oxidation; endoplasmic reticulum for re-esterification; lipid droplets for
storage; or to the nucleus for gene expression regulation) [18]. There are no reported human
phenotypes and knock-out mice show inconsistent or no phenotypes [50-60].

Fatty acid activation inside the cells

Independently from their source (exogenous, de novo synthesis or intracellular hydrolysis),
intracellular fatty acids undergo thio-esterification to CoA [61]. This process is catalyzed by
acyl-CoA synthases (ACSs) and results in the formation of acyl-CoA products, the activated
form of intracellular fatty acids [61].

There are at least 26 proven or likely human ACS genes/proteins, all containing nucleotide-
[adenosine monophosphate/adenosine triphosphate (AMP/ATP)] and fatty acid-binding
motifs [50, 61]. The crystal structure of bacterial and yeast ACS enzymes suggest that ATP
binding induces a conformational change that opens a “gate” to the fatty acids binding site
[50]. The enzyme-bound fatty acid is converted to a fatty acid-AMP intermediate, then CoA
is attached to the fatty acid-AMP, and AMP is removed [50]. Finally, the acyl-CoA and
AMP are released, and the enzyme reverts to its original form [50]. The fatty acid-binding
site determines substrate specificity toward defined carbon-chain length and saturation [50,
62]. Bile acids and cholesterol derivatives are also substrates of ACS enzymes [50].

Acyl-CoAs, which are generally bound to proteins and membranes [17, 50], are channeled
toward or away from specific metabolic pathways based on the cell energy status. Their
intracellular flux and destination are coordinated by multiple proteins such as FABP1 (or L-
FABP), sterol carrier protein 2 (SCP2) and acyl-CoA binding domain proteins (ACBD1-7),
that channel them for storage or energy production [63].

Carnitine in fatty acid oxidation

When cells require energy, acyl-CoAs can be conveyed to mitochondria and peroxisomes,
which work together to maintain lipid homeostasis [19, 64]. Mitochondrial and peroxisomal
[-oxidation differs in the transport of substrates, substrate specificities, end products, and
energy production [19].

The mitochondrial membrane is impermeable to acyl-CoAs and fatty acids must be
conjugated to carnitine to enter mitochondria (Fig. 2). Carnitine is accumulated inside the
cell by the high-affinity OCTN2 carnitine transporter in the heart, muscle, and kidney.
Hepatocytes have a different low-affinity, high-capacity carnitine transporter [15]. Carnitine
forms a high-energy ester bond with long chain fatty acids by the action of carnitine
palmitoyl transferase 1 (CPT-1), located in the inner aspect of the outer mitochondrial
membrane, with the formation of acylcarnitines [3]. There are three isoforms of CPT-1:
CPT-1A, CPT-1B, and CPT-1C [19]. CPT-1A, also called liver CPT-1, is expressed in the
liver, brain, kidney, lung, spleen, intestine, pancreas, ovary and fibroblasts [2]. CPT-1B is the
muscle isoform and is highly expressed in heart, skeletal muscle and testis [2]. CPT1-C is
the neuron specific isoform, but its function in neural metabolism remains controversial
[65]. CPT-1 is sensitive to inhibition by malonyl-CoA [2]. Acylcarnitines are then
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translocated across the inner mitochondrial membrane by the carnitine acylcarnitine
translocase (CACT, SLC25A20gene) [3]. Once inside mitochondria, carnitine palmitoyl
transferase 2 (CPT-2), located in the inner mitochondrial membrane, removes carnitine from
acylcarnitines and re-generates acyl-CoAs [2]. Carnitine then returns to the cytoplasm for
another cycle (using CACT), while the acyl-CoAs can enter (in aerobic conditions and in the
presence of low levels of ATP) p-oxidation with final production of acetyl-CoA for oxidative
phosphorylation or production of ketone bodies in the liver [3]. Both CPT-1 and CPT-2 are
primarily involved in the import of long-chain acyl-CoAs, such as palmitoyl-CoA, oleoyl-
CoA, and linoleoyl-CoA [2]. The oxidation of medium- (C6—C10) and short-chain (C4—C6)
fatty acids seems largely independent from the carnitine shuttle [19, 66].

Under physiologic conditions, oxidation of long- and medium-chain fatty acids is primarily
handled by the mitochondrial B-oxidation system, with only minimal contribution from the
peroxisomal system [67]. Preferential substrates of peroxisomal p-oxidation are very long-
chain fatty acids (which are not substrate of CPT-1 and thus cannot enter mitochondria),
pristanic acid (2,6,10,14-tetramethylpentadecanoic acid), di- and trihydroxycholestanoic
acid, the tetracosaenoic acid (C24:6n-3), and long-chain dicarboxylic acids [19, 66-68].
These acyl-CoAs enter peroxisomes by interacting with ATP-binding cassette (ABC)
transporters (ABCD1, ABCD2, and ABCD3) on the peroxisomal membrane [19, 66]. All
three are half transporters and act as dimers that remove CoA to allow entry of free fatty
acids within peroxisomes [19, 69-72]. ABCD1 exhibits highest affinities for very
hydrophobic saturated very long-chain fatty acids (C24:0-C26:0); ABCD2 to slightly more
hydrophilic very long-chain to long chain-fatty acids (C22:0-C24:0, C22:6); ABCD3 to the
most hydrophilic fatty acid species (C20:5) as well as dicarboxylic acids (C16:0DCA) [69].
ABCDL1 is defective in X-linked adrenoleukodystrophy, the most frequent disorder of
peroxisomal B-oxidation causing childhood cerebral adrenoleukodystrophy and
adrenomyeloneuropathy [67]. The peroxisomal p-oxidation system is comparable to that of
mitochondria and consists of subsequent steps of dehydrogenation, hydration,
dehydrogenation again and thiolytic cleavage [67, 68]. Although peroxisomes contain the
full enzymatic machinery to B-oxidize fatty acids, oxidation does not go to completion, and
the final products of the peroxisomal B-oxidation can be shuttled to mitochondria for
complete oxidation to CO, and H,O and thus energy production [67, 68, 73]. The final
products of peroxisomal B-oxidation can reach mitochondria after conjugation with carnitine
trough carnitine octanoyltransferase (CrOT) (whose substrates are medium and long-chain
fatty acyl-groups) or peroxisomal carnitine acetyltransferase (CrAT), which is more active
toward short-chain acyl-CoAs [18, 66]. The resulting acylcarnitines can be then transported
from peroxisomes to mitochondria. Overexpression of CrOT in HepG2 cells decreases
intracellular medium-chain and very long-chain fatty acids, with no effects on long chain
fatty acids. Opposite effects are seen with CrOT knockdown [73]. Alternatively, the final
product of peroxisomal p-oxidation can be used by other metabolic pathways [67, 68, 73].
For example, peroxisomal B-oxidation of di- and trihydroxycholestanoic acid leads to the
formation of choloyl-CoA and chenodeoxycholoyl-CoA, then converted by the action of bile
acil-CoA: amino acid N-acyltransferase into the taurine and glycine conjugates, which are
exported out of the peroxisome into the cytosol and then excreted into the biliary ducts by
the bile salt export pump [67].
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Both peroxisomes and mitochondria are required for the a-oxidation of branched-chain fatty
acids, among which phytanic acid [67, 74]. 3-Methyl branched-chain fatty acids cannot be
[B-oxidized directly because of the presence of the methyl-group at the 3-position, and they
require removal of the last carbon atom by a-oxidation to generate 2-methyl fatty acids that
can then be B-oxidized [67, 68].

Fatty acids can also undergo w-oxidation by action of a microsomal oxidase that uses
molecular oxygen, and both an alcohol and aldehyde dehydrogenase to produce dicarboxylic
acids, molecules with a carboxyl group at each end [75, 76]. These dicarboxylic acids can be
further degraded by peroxisomal B-oxidation to succinate and acetyl-CoA or completely
oxidized after transport into the mitochondrial B-oxidation system [75]. Under physiologic
conditions, w—oxidation is a minor pathway of fatty acid metabolism, but a failure of -
oxidation can result in increased w—oxidation activity, with production of excess
dicarboxylic acids that are non-specific markers of fatty acid oxidation defects [76, 77].

DISORDERS OF FATTY ACID OXIDATION

Inherited defects of fatty acids oxidation are transmitted as autosomal recessive traits in
humans [3]. When the oxidation of fatty acids is defective, fats are released from the adipose
tissue during fasting and reach the liver, skeletal muscle and heart where they can
accumulate (Fig. 1). In the liver, a defect in the carnitine cycle or in mitochondrial p-
oxidation will result in steatosis and decreased production of ketones. Ketones can be used
as an alternate energy source by the heart, skeletal muscle, and brain, sparing glucose. In the
liver, acetyl-CoA allosterically activates pyruvate carboxylase to favor gluconeogenesis. The
net result of ketone bodies production and of gluconeogenesis is glucose sparing and
production (although this latter not from fat itself). If fatty acid oxidation is defective, fat
cannot be utilized, glucose is consumed without regeneration via gluconeogenesis (due to
inhibition of pyruvate carboxylase), ketones cannot be produced and there is a drop in
glucose levels (hypoglycemia). The lack of usable supplies of energy will impair brain
function with loss of consciousness [3, 78]. Fats can go directly to the heart and skeletal
muscle, where they can accumulate and impair organ/tissue function (cardiomyopathy/
myopathy). Free fatty acids and long-chain acylcarnitines can alter the electrical activity of
cardiac cells resulting in arrhythmia [3, 78-80]. In certain diseases, the muscle fibers can
also break down during sustained exercise resulting in myoglobinuria [3, 81].

Primary carnitine deficiency (Carnitine uptake defect, CUD)

Primary carnitine deficiency (OMIM #212140) is an autosomal recessive disorder of the
carnitine cycle that results in defective fatty acid oxidation [3, 12, 82]. The incidence of
primary carnitine deficiency varies with a frequency of approximately 1:40,000 newborns in
Japan [83], 1:37,000-1:100,000 newborns in Australia [84], and 1:142,000 in the USA [3,
85]. The highest incidence of primary carnitine deficiency (1:300) is in the Faroe Islands, an
archipelago in the North Atlantic that remained geographically isolated for many centuries
[82, 86-88].

The gene for primary carnitine deficiency, SLC22A5 (MIM# 603377), spans about 30 kb on
chromosome 5q31 (chr5:132,369,752-132,395,614, hg38) [3, 14, 82, 89, 90] (Fig. 3). Itis
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composed of 10 exons and the resulting mRNA has an open reading frame of 1,674
nucleotides. The SLC22A5 gene encodes for the organic cation transporter novel 2
(OCTNZ2), which is composed of 557 amino acids with 12 predicted transmembrane
spanning domains with both the amino- and carboxyl-terminus facing the cytoplasm as in
other organic cation transporters [14, 91]. There is a long extracellular loop consisting of
107 amino acids between the first two transmembrane domains, which is highly conserved
among organic cation transporters encoded by members of the solute carrier (SLC) 22
family, suggesting an essential role in transporter function [92]. This loop contains 3 putative
glycosylation sites, N57, N64, and N91 that are normally glycosylated, and is important for
substrate and sodium recognition (Fig. 3) [14, 91, 92]. Substitution of asparagine 57, 64, and
91 with glutamine reduces OCTNZ2 glycosylation and results in cytoplasmic retention of
carnitine transporters [93]. Natural mutations affecting this extracellular loop in patients
with primary carnitine deficiency can cause a defect in the glycosylation and affect carnitine
recognition by the OCTN2 transporter [3, 93, 94]. OCTN2 also contains five potential sites
for protein kinase C-dependent (Ser-164, Ser-225, Ser-280, Ser-322 and Ser-323) and one
potential site for protein kinase A-dependent phosphorylation (Ser-402) in putative
intracellular domains [91]. Natural mutations in serine 225 and 280 [94] markedly reduce
carnitine transport, although it is unknown whether it is related to abnormal phosphorylation.
OCTN2 contains a glucose-transporter signature motif between transmembrane domains 2
and 3 in which substitution of arginine 169 with glutamine, proline or tryptophan (all
identified in patients with primary carnitine deficiency) impairs transporter function without
impairing maturation to the plasma membrane [95]. Of two natural variations identified in
the nucleotide binding motif (GTEILGKS) in the intracellular loop between the fourth and
fifth transmembrane domains (T219K and S225L) only one (S225L) impairs significantly
carnitine transport activity ([91] and unpublished results). The predicted size of OCTN2
without glycosylation is 62,751 [91].

OCTN2 operates as a Na*-independent organic cation transporter as well as a high affinity
(Kiy = 2.9+0.7 uM) Na*-dependent carnitine transporter [14, 89, 98-100]) (Fig. 4). At low
concentrations, sodium lowers the K, of OCTN2 toward carnitine [99], suggesting binding
to a site close to the carnitine binding site, while higher sodium concentrations provide the
electrochemical gradient to transfer the carnitine-sodium complex inside the cell [99]. Half-
maximal stimulation of carnitine transport was obtained at a sodium concentration of 13

+ 2.7 mM in CHO cells expressing the normal OCTN2 cDNA [98, 99], as well as in human
fibroblast that express the same transporter (11.4 + 2.1 mM, [15]).

The study of natural mutations [3] and chimeric transporters obtained by fusing specific
domains of the OCTN2 transporter with the organic cation transporter novel 1 (OCTN1,
SLC22A4, that does not transport carnitine) [98] has identified multiple domains of OCTN2
essential for function. The amino-terminus and residues in transmembrane domains 7, 9 and
10 have important roles in carnitine recognition [98]. The C-terminus of OCTN2 is required
for an efficient transmembrane transfer of the Na*/carnitine complex (Fig. 4), with an
essential role played by tyrosine residues in the intracellular loop between transmembrane
domains 10 and 11 [98, 101].
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Clinical presentation

Defective carnitine transport activity of OCTNZ2 results in urinary carnitine wasting, low
serum carnitine levels (0-8 uM, normal 25-50 uM), and decreased intracellular carnitine
accumulation [3, 82]. Patients with primary carnitine deficiency lose most (10-95%) of the
filtered carnitine in urine, and their heterozygous parents lose 2 to 3 times the normal
amount, explaining their mildly reduced plasma carnitine levels [3, 16, 82]. The decreased
intracellular carnitine accumulation results in impaired fatty acid oxidation.

If carnitine supplements are not promptly started, patients with primary carnitine deficiency
can present with an acute metabolic decompensation early in life, or later in life with
skeletal and cardiac myopathy or sudden death from arrhythmia [82, 100, 102]. Other
children, diagnosed because of an affected sibling, had only mild developmental delays or
were asymptomatic [3, 103, 104].

The metabolic presentation is more frequent before two years of age [3]. Typically, these
children stop eating and become irritable following an upper respiratory tract infection or an
acute illness (e.g. gastroenteritis) [47]. Subsequently, they become lethargic and minimally
responsive [86]. In most cases, they have hepatomegaly in addition to signs and symptoms
of the triggering condition [48]. Laboratory evaluation usually reveals hypoglycemia, with
minimal or no ketones in urine, and hyperammonemia, with variably elevated liver function
tests. Hyperammonemia is likely caused by decreased expression of urea cycle enzymes in
the liver and is usually observed only during acute decompensation [105]. Creatine kinase
can also be mildly elevated [13]. If children are not treated promptly with intravenous
glucose, they progress to coma and death [21].

The heart’s constant need for energy expenditure and its heavy dependence on fatty acids
(the cardiac muscle obtains 50-70% of its energy from fatty acids) explain why patients with
primary carnitine deficiency can develop cardiomyopathy, usually between 1 and 4 years of
age, that responds poorly to standard therapy [3, 90, 106-108]. If the condition is not
correctly diagnosed and no carnitine is supplemented, progressive heart failure eventually
leads to transplantation or death. Cardiomyopathy is not commonly seen in adults with
primary carnitine deficiency [87, 88, 109]. OCTN2 mutations are not more frequent in adult
patients with cardiomyopathy than in the general population [90, 109].

Cardiac arrhythmia has been reported in children and in many adult patients with primary
carnitine deficiency [109-113]. Long QT syndrome leading to ventricular tachycardia and
cardiac arrest has been reported in primary carnitine deficiency and disappeared after
initiation of carnitine supplementation [109]. Adult patients with primary carnitine
deficiency, even if asymptomatic, are at risk of sudden death from cardiac arrhythmia as
demonstrated by the decreased prevalence of primary carnitine deficiency with age in the
Faroe Islands, from 4-5 cases/1,000 to 0.2-0.4 cases/1,000 (Ulrike Steuerwald, personal
communication).

There is no correlation between genotype and cardiac or metabolic (hypoketotic
hypoglycemia, hepatic encephalopathy) phenotype in primary carnitine deficiency, since
different types of presentation have been observed within an individual family and other
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factors, intrinsic or environmental (fasting, recurrent infections, and others), are responsible
for the different phenotypes [82, 103, 114, 115]. Nonsense and frameshift mutations,
however, are typically associated with lower carnitine transport and are more prevalent in
symptomatic individuals, whereas missense mutations and in-frame deletions (with some
residual carnitine transport activity) are more prevalent in asymptomatic mothers identified
by newborn screening of their unaffected infants [82].

Newborn screening and diagnosis

Primary carnitine deficiency can be identified clinically following a symptomatic
presentation or it can be identified by newborn screening using tandem mass spectrometry
[3]. Primary carnitine deficiency is usually associated with low levels of free carnitine (C0)
and other acylcarnitines, including C3-, C16-, C18-, and C18:1-carnitine in the newborn
screening blood spots since the lack of carnitine prevents their formation [116] (Fig. 5).
Apart from CO, low cutoff values have not been defined for the acylcarnitine species, relying
heavily on a single metabolite (CO) for the identification of patients at risk for primary
carnitine deficiency.

Carnitine is transferred by the placenta to the growing fetus during intrauterine life and
shortly after birth the infants’ carnitine level reflects the mothers’ carnitine levels [12, 84].
As a consequence, if the screening is done too early in life, plasma carnitine levels can
falsely be above the cut-off in an infant with primary carnitine deficiency and drop below the
cut-off over time (States mandating 2 screens where the second screening is usually
collected between 7 and 21 days of age might better identify infants with primary carnitine
deficiency, although no data in this respect have been published). Extremely low carnitine
(CO0) levels have been detected on the first newborn screening of infants of mothers with
primary carnitine deficiency (with the infant being a carrier for this condition) [110, 112,
113] (Fig. 5). In these infants, carnitine levels might remain low if the infant is breastfed,
since the milk from mothers with primary carnitine deficiency does not provide sufficient
amounts of carnitine. By contrast, standard infant formulas and breastmilk of women
without carnitine deficiency contain about 60 nmol/ml of carnitine, providing about 1.5
mg/kg per day of carnitine.

The mothers identified through their baby’s newborn screen are in most cases asymptomatic,
although there is anecdotal evidence that some feel better (increased stamina) after initiation
of carnitine therapy [113]. These mothers, as other adults with primary carnitine deficiency,
are at high risk for cardiac arrhythmia and sudden death even if asymptomatic [87, 109, 113,
117-119]. Therefore, low carnitine levels in infants might unmask primary carnitine
deficiency in the mother [104, 109-113, 120, 121]. Additional maternal conditions that can
cause low carnitine levels in newborns include maternal glutaric acidemia type | [122],
medium chain acyl-CoA dehydrogenase deficiency [123], and 3-methyl-crotonyl-CoA
carboxylase deficiency [124]. The diagnosis of primary carnitine deficiency needs to be
biochemically confirmed by demonstration of low free carnitine levels in plasma (<8 pM,
normal 25-50 uM) with reduced renal reabsorption (less than 90%) and normal renal
function with no abnormalities in the urine organic acids (although a non-specific
dicarboxylic aciduria has been reported [16]). Given the possibility of a maternal disorder
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causing primary carnitine deficiency, plasma and urine carnitine, plasma acylcarnitine
profile, and urine organic acids should be evaluated in the mother as well. The diagnosis is
then definitively confirmed by molecular testing of the SLC22A5 gene or demonstrating
reduced carnitine transport in fibroblasts (<20% of normal controls). The functional assay
remains very useful to confirm or exclude the condition in patients with genetic variations of
unknown clinical significance or who continue to have low carnitine levels despite negative
molecular studies [3]. Heterozygous parents of affected children have half-normal carnitine
transport in their fibroblasts and might have borderline low levels of plasma carnitine [16].
In our experience, functional studies in fibroblasts are the most definitive test, since up to
16% of mutant alleles causing primary carnitine deficiency cannot be identified by
sequencing and deletion/duplication analysis of all 10 exons of the SLC22A5 gene and
flanking regions [125].

Sequencing of the coding and flanking regions of the SLC22A5 gene encoding the OCTN2
carnitine transporter in patients with primary carnitine deficiency has identified 138
mutations (Table I, Fig. 6), among which 97 are missense, 29 cause the premature insertion
of a stop codon as a result of a direct mutational event (14) or as a result of a frameshift (15),
7 changes are predicted to result in abnormal splicing affecting canonical splice-donor or-
acceptor sites, 2 are in-frame deletions of single amino acids, and 3 are large gene deletions,
one of which affecting the whole SL.C22A5 gene.

Most families have private mutations and a few mutations, occurring at mutation-prone
DNA sequences, have been reported more than once. Founder mutations have been reported
in specific geographic areas, such as p.W132X and p.S467C in Japan [83], p.R254X in the
Chinese population [136], and p.N32S in the Faroe Islands [88]. In the Faroe Islands,
patients with primary carnitine deficiency are either homozygous or compound heterozygous
for four different mutations (c.95A>G, p.N32S; ¢.136C>T, p.P46S; ¢.131C>T, p.A44V; c.
825-52G>A) and a risk-haplotype, with p.N32S being the most prevalent [142]. Patients
homozygous for p.N32S had lower mean plasma carnitine levels, the lowest mean residual
OCTNB2 carnitine transport activity in their fibroblasts, and had a high risk of having
symptoms (hypoglycemia or cardiomyopathy in children, sudden death or fatigue in adults)
[142], with plasma and tissue carnitine levels dropping rapidly after discontinuation of oral
carnitine supplements [143]. All nonsense and frameshift mutations analyzed result in
nonsense mediated RNA decay and completely abolish protein function [99, 144]. By
contrast, some missense mutations retain residual carnitine transport activity when expressed
in Chinese Hamster Ovary cells or measured in patient’s fibroblasts [100]. A specific
mutation, p.P46S, has only been identified in asymptomatic or minimally symptomatic (easy
fatigability, muscle pain with exercise, fasting intolerance) adult women [145]. This
mutation reduces, but does not abolish carnitine transport and affects glycosylation and
maturation to the plasma membrane of the OCTN2 carnitine transporter [146]. This and
other similar missense mutations seem protective against early clinical manifestations of
primary carnitine deficiency, but can still be associated with fatal cardiac arrhythmia leading
to sudden death [147].

Many missense mutations affect maturation of the OCTN2 transporter to the plasma
membrane [148], while others result in abnormal function of membrane-localized
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transporters [99, 149]. Pharmacological chaperones can increase stability and membrane
maturation of selected mutant OCTN2 transporters [148].

Therapy: carnitine supplementation

Patients with primary carnitine deficiency respond to dietary carnitine supplementation
(100-200 mg/kg/day), if started before irreversible organ damage occurs [3]. The dose of
carnitine should be divided in at least 3 daily administrations and adapted to each individual
patient by serial measurements of plasma carnitine levels. Carnitine has few side effects [3].
It can cause diarrhea and intestinal discomfort with high doses. This is usually self-limiting,
and resolves by reducing carnitine dosage. Sometimes, bacterial metabolism in the intestine
can result in carnitine degradation, with production of trimethylamine, a non-toxic chemical
with a very unpleasant odor. This responds to oral therapy with metronidazole, an antibiotic
active against anaerobic bacteria, and/or administration of probiotics, such as those present
in certain yogurts. Suspension of therapy for a few days usually does not result in any
complication, since the tissue carnitine content requires time to become depleted. The long-
term prognosis is favorable as long as children and adults remain on carnitine supplements
[3]. Repeated attacks of hypoglycemia or sudden death from arrhythmia without
cardiomyopathy have been reported in patients discontinuing carnitine against medical
advice [3].

In patients with primary carnitine deficiency, carnitine is absorbed by the gut through the
amino acid transporter BO* (ATBO*), that has lower affinity toward carnitine (K,=800 M)
than OCTN2 (K, 3-5 uM) [14, 98-100]), but exhibits much higher capacity than OCTN2
[150].

Differential diagnosis: secondary carnitine deficiency

Primary carnitine deficiency should be differentiated from other causes of carnitine
deficiency. These include a number of organic acidemias, defects of fatty acid oxidation and
of the carnitine cycle (such as very long chain acyl-CoA dehydrogenase (VLCAD), medium
chain acyl-CoA dehydrogenase (MCAD), long-chain 3-hydroxyacyl-CoA dehydrogenase
(LCHAD), carnitine palmitoyltransferase 2 (CPT-2), and carnitine-acylcarnitine translocase
(CACT) deficiencies). These metabolic disorders are associated with accumulation of
acylcarnitines that can inhibit renal carnitine reabsorption and are lost in urine [151, 152]. In
all these disorders, analysis of urine organic acids and plasma acylcarnitine profile, in
conjunction with the clinical presentation, allows a definitive diagnosis [3].

Low carnitine levels can also be seen in patients with generalized renal tubular dysfunction,
such as renal Fanconi syndrome. In this case, the urinary wasting of other compounds, such
as bicarbonate, phosphorus and amino acids, allows a net differentiation, since patients with
primary carnitine deficiency have selective carnitine losses [3].

Some pharmacological therapies, such as cyclosporine, pivampicillin, and valproate can bind
carnitine forming compounds that are excreted in urine and resulting in carnitine depletion
[13, 153-155]. Other medications can inhibit OCTNZ2 leading to secondary carnitine
deficiency, for example anticancer drugs (etoposide, actinomycin D and vinblastine),
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omeprazole, B-lactam antibiotics (cephaloridine, cefepime, and cefluprenam), and quinolone
antibiotic (levofloxacin and grepafloxacin) [13, 153-155].

As carnitine biosynthesis constitutes only 25% of the carnitine pool, defects in carnitine
biosynthesis do not usually result in carnitine deficiency in adult individuals with normal
renal absorptive function and regular diet. On the other hand, decreased dietary intake in
vegetarians does not result in carnitine deficiency due to endogenous carnitine synthesis and
the effective renal carnitine absorption [3, 7, 156]. Carnitine biosynthesis in infants is
modest and carnitine deficiency was reported in infants fed early preparations of soy
formulas that were deficient in carnitine as well as in neonates receiving carnitine-free total
parenteral nutrition [157, 158]. We have also found an abnormally low carnitine in the
second newborn screen (collected between 7 and 21 days of age) of infants receiving
“organic” formulas without carnitine.

CARNITINE BIOSYNTHESIS

The majority of carnitine in the human body derives from the diet (75%), with biosynthesis
accounting only for 25% of the total carnitine pool. Carnitine is synthesized by liver, kidney,
and in smaller amounts by brain from methionine and protein bound lysine. Carnitine
biosynthesis is performed in different organelles and requires several cofactors, such as
pyridoxal phosphate, niacin, vitamin C, and iron (Fig. 7) [4, 12, 159]. Mammals cannot
synthesize carnitine from free lysine, but lysine residues that compose certain proteins
undergo post-translational N-methylation through the action of methyltransferases that use
S-adenosyl methionine as methyl donor, with formation of 6-N-trimethyllysine in the
cytoplasm [159, 160]. 6-N-trimethyllysine-proteins undergo hydrolysis in the lysosomes
with release of e-N-trimethyllysine, which is the first metabolite of carnitine biosynthesis.
Then, e-N-trimethyllysine enters mitochondria where it undergoes hydroxylation by the e-
N-trimethyllysine hydroxylase to produce B-hydroxy-N-e-trimethyllysine, a process that
requires vitamin C and iron as cofactors [12]. Subsequently, a pyridoxal phosphate
dependent aldolase in the cytosol cleaves p-hydroxy-N-e-trimethyllysine to glycine and 4-
N-trimethylaminobutyraldehyde. Dehydrogenation of 4-N-trimethylaminobutyraldehyde by
a NAD*-dependent dehydrogenase in the cytosol leads to the formation of 4-N-
trimethylaminobutyrate (y-butyrobetaine) [12]. In the last step, y—butyrobetaine
hydroxylase, a cytosolic dioxygenase, adds the hydroxyl group that carnitine uses to form
esters with acyl moieties, with formation of 3-hydroxy-4-N-trimethylaminobutyrate
(carnitine) [11, 12].

The first three enzymes of carnitine endogenous biosynthesis, e-N-trimethyllysine
hydroxylase, p-hydroxy-N-e-trimethyllysine aldolase, and 4-N-
trimethylaminobutyraldehyde dehydrogenase are widely distributed, while -y—butyrobetaine
hydroxylase is only present in kidney (highest enzyme activity), liver and brain (lowest
measurable enzyme activity). Therefore, the heart and the skeletal muscle cannot synthesize
carnitine and fully rely on carnitine transport for long chain fatty acid oxidation [12, 161]. In
newborns, y—butyrobetaine hydroxylase activity in the liver is about 12% of the adult
enzyme activity [162]. The reduced capacity that neonates have to synthesize carnitine might
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explain the low carnitine levels observed in infants receiving formulas or intravenous
nutrition without carnitine.

Disorders of carnitine biosynthesis

Two defects in carnitine biosynthesis have been recently identified in humans. Deletions in
the TMLHE gene on Xq28 (GRCh38: X:155,489,010-155,612,960) encoding for e-N-
trimethyllysine hydroxylase (Enzyme 3 in Fig. 7) have been associated with non-syndromic
autism-spectrum disorders in males [163-166]. The TMLHE exon 2 deletion is relatively
common even in healthy males with an estimated frequency of 1:350 males, but is more
frequent in patients with autism, suggesting that e-N-trimethyllysine hydroxylase deficiency
is a risk factor for autism (meta-analysis Z-score = 2.90 and p = 0.00037), although with low
penetrance (2 to 4%) [164]. In some families, mutations or point deletions in the TMLHE
gene segregate with autism and therapy with carnitine can be helpful [165, 167]. In cultured
lymphoblastoid cell lines, e-N-trimethyllysine hydroxylase activity is undetectable or
severely reduced in patients with mutations or deletions in the TMLHE gene. Biochemically,
affected individuals have up to a three-fold increase in e-N-trimethyllysine and reduced
levels of B-hydroxy-N-e-trimethyllysine and -y-butyrobetaine in both plasma and urine, with
a high e-N-trimethyllysine/y-butyrobetaine ratio [164, 165, 167]. Carnitine levels are in the
low normal range, reflecting the predominant contribution of dietary intake to plasma
carnitine levels. Relative carnitine deficiency has also been shown in patients with autism
[168]. Potential disease mechanisms of brain toxicity include toxic effects of excess or
deficiency of intermediates in the carnitine biosynthetic pathway or carnitine deficiency in
early stages of life during brain development in which the availability of carnitine/
acetylcarnitine might affect gene transcription or neurotransmitters balance [169].

A defect in y—butyrobetaine hydroxylase, which is the last enzyme in the biosynthetic
pathway of L-carnitine and catalyzes the formation of L-carnitine from y—butyrobetaine
(Enzyme 6 in Fig. 7) was reported in a girl with microcephaly, speech delay, growth
retardation, and minor facial anomalies, although her plasma carnitine levels were within
normal limits [170]. The patient was homozygous for a microdeletion in 11p14.2, which
contains the BBOX1 gene (GRCh38: 11:27,040,704-27,127,806) encoding for the y
—butyrobetaine hydroxylase enzyme, as well as the ~ibin (Fin Bud Initiation Factor
Homolog) gene encoding for fibin, a secreted protein identified in zebrafish, mice and
humans potentially acting downstream of retinoic acid and wnt signaling, essential for
pectoral fin bud initiation and f6x5 expression in zebrafish [170, 171]. The BBOX1 gene
spans 86.9 kb and contains 9 exons, including alternatively spliced exons 1A, 1B, and 1C
[172]. With only a single case report, it is however difficult to correlate this phenotype with
the loss of function of any of these genes [170].

CONCLUSIONS

Carnitine is essential for mitochondrial fatty acid oxidation and can be synthesized
endogenously or taken with the diet. The OCTN2 carnitine transporter is essential for
retaining carnitine in the body and allowing adequate supplies to the heart and the skeletal
muscle, which derive most of their energy from fat. Mutations impairing the function of the
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OCTNZ2 transporter result in carnitine deficiency that can present early in life with
hypoketotic hypoglycemia, or later in life with cardiomyopathy and sudden death from
cardiac arrhythmia. Newborn screening can identify infants with primary carnitine
deficiency as well as mothers with this condition because their infants have low levels of
carnitine at birth. Missense mutations retaining residual carnitine transport activity are
identified with increased frequency in these mothers, who still remain at risk of sudden
death from cardiac arrhythmia. The study of natural mutations has identified domains of the
OCTN2 transporter important for substrate and co-substrate recognition and their transfer
inside the cell. The association of disorders of carnitine biosynthesis with autism raises the
possibility that carnitine could have some functions during critical periods of brain
development.
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Highlights
. The OCTNZ2 carnitine transporter mediates high-affinity carnitine
transport
. Defective OCTNZ2 activity reduces carnitine levels and impairs fatty
acid oxidation
. Missense mutations in OCTNZ2 define the function of selected

transporter domains

. Defects in carnitine biosynthesis do not reduce carnitine levels
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FIGURE 1. Fatty acids oxidation during fasting
During periods of fasting, fatty acids released from the adipose tissues are oxidized in the

liver, skeletal muscle, and cardiac muscle for energy production. The brain does not directly
utilize fatty acids, but oxidizes ketone bodies derived from p-oxidation of fatty acids in the
liver. When fatty acid oxidation is defective, fats released from the adipose tissue cannot be
oxidized, and accumulate in organs such as the skeletal and cardiac muscles, impairing their
function. Moreover, the liver is unable to produce ketones bodies resulting in energy
deficiency.
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FIGURE 2. The carnitine cycle in fatty acid oxidation
Fatty acids bound to albumin are transferred across the plasma membrane by the action of

fatty acid transport proteins (FATP), fatty acid translocase (FAT/CD36), caveolins and
plasma membrane fatty acid binding proteins (FABPpm). Inside the cell, fatty acids undergo
vectorial acylation, a process catalyzed by acyl-CoA synthases (ACS), that traps them in the
cytoplasm as acyl-CoA thioesters. The acyl-CoA thioesters are then conveyed through
different metabolic pathways in mitochondria, peroxisomes and microsomes based on the
cell energy status. ACS: acyl-CoA synthases; CACT: carnitine acyl carnitine translocase;
CPT-1: carnitine palmitoyl transferase-1; CPT-2: carnitine palmitoyl transferase-2; FA: fatty
acid; FABPpm: plasma membrane fatty acid binding proteins; FAT/CD36: fatty acid
translocase; FATP: fatty acid transport proteins; OCTN2: organic cation transporter novel 2.
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FIGURE 3. The human carnitine transporter
The SLC22A5 gene composed of 10 exons on the long arm of chromosome 5 encodes for

the high-affinity carnitine transporter OCTN2 mRNA that has an open reading frame (ORF)
of 1,674 nt. The transporter has 12 predicted transmembrane domains, 3 extracellular

glycosylation sites, a glucose-transporter signature motif between transmembrane domains 2

and 3, a nucleotide binding motif in the intracellular loop between transmembrane domains
4 and 5, and several intracellular motifs that might be involved in regulatory mechanisms
through the action of protein kinase A (PK-A) and C (PK-C).
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FIGURE 4. Confocal imaging of the OCTN2 transporter tagged with the green fluorescent
protein expressed in Chinese Hamster Ovary cells

The OCTNZ2 transporter localizes to the plasma membrane and operates a sodium/carnitine
co-transport. The cytoplasm (with the Golgi apparatus stained in red by Bodipy-ceramide)
has a low concentration of sodium (about 20 mM) and membrane potential is about -65mV
[96]. The resulting sodium electrochemical gradient energizes a more than 80-fold
intracellular carnitine accumulation [97].
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FIGURE 5. Carnitine and acylcarnitine levels in infants with primary carnitine deficiency
(patients) and in infants whose mothers are affected by primary carnitine deficiency (mothers)

Carnitine and acylcarnitines were measured in newborn screening blood spots by tandem
mass spectrometry using standard methods. The first newborn screening (NBS1) was
collected between 12 and 36 hours of life; the second between 7 and 21 days of life (NBS2).
Data are averages of values from 4 patients and 4 mothers and from 150,000 unaffected
controls, with the standard deviations indicated. Values for carnitine (CO0), other
acylcarnitine species (C3-, C16-, C18-, C18:1-carnitine) in patients and mothers were
significantly (p<0.001 using t-test) below those measured in controls. Levels of C0 and C16-
carnitine were significantly different in patients as compared to mothers in the first newborn
screening, while levels of C3 were significantly different in patients as compared to mothers
in the second screening (*, p<0.05 using t-test). The levels of C3-, C16-, C18-, C18:1-
carnitine in patients and of C-16 carnitine in mothers were significantly different between
the first and second screening, (°, p<0.05 using t-test).
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FIGURE 6.
Missense mutations in the OCTN2 carnitine transporter in patients with primary carnitine

deficiency.
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FIGURE 7. Carnitine biosynthesis in humans
Carnitine is synthetized in mammals from lysine residues of certain proteins that are post-

translationally N-methylated by S-adenosyl-methionine: e-N-lysine methyltransferase (1),
with formation of protein-6-N-trimethyllysine that directs the protein to the lysosome for
further degradation. Hydrolysis of protein-6-N-trimethyllysine in the lysosomes by a
peptidase (2) releases e-N-trimethyllysine that is transferred to mitochondria and
hydroxylated to B-hydroxy-N-e-trimethyllysine by e-N-trimethyllysine hydroxylase (3). In
the cytosol, B-hydroxy-N-e-trimethyllysine is cleaved by a p-hydroxy-N-e-trimethyllysine
aldolase (4) to produce glycine and 4-N-trimethylaminobutyraldehyde that is converted by
4-N-trimethylaminobutyraldehyde dehydrogenase (5) to y-butyrobetaine. In the last step of
carnitine endogenous biosynthesis, y-butyrobetaine is hydrolyzed by a cytosolic y
—butyrobetaine hydroxylase (6) to carnitine. Brain, liver and kidney are capable of full
carnitine biosynthesis, while other tissues, such as cardiac and skeletal muscle, can only
synthetize y—butyrobetaine, and obtain carnitine from the circulation using the OCTN2
carnitine transporter.
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Mutations in the SLCZ22A5 gene encoding for the OCTN2 carnitine transporter in patients with primary

carnitine deficiency.

Table 1

Exon

5-UTR

N S S N e e e = T = T = = S SN =

= e

mRNA Protein
OCTN2 deletion

c.-91_22del113

c.3G>T p-M1L
c.4_5insC p.R2Pfs 135
€.12C>G p.Y4*
C.34G>A p.G12S
c.43G>T p.G15W
c.47C>T p.P16L
¢.51C>G p.F17L
€.56G>C p.-R19P
c.59T>A p.L20H
c.64_66delTTC p.F23del
C.77G>A p.S26N
.83G>T p.S28l
c.95A>G p.N32S
.131C>T p.A44v
c.136C>T p.P46S
¢.137C>T p.PA6L
C.149G>A p.C50Y
.196A>C p.T66P
€.224G>C p.R75P
c.232delC p.H79Tfs *150
€.248G>T p.R83L

c.254_264dupGGCTCGCCACC 1 189Gfs “44

€.278C>G p.S93W
€.283C>G p.L95V
€.287G>C p.G96A
€.338G>A p.C113Y
€.344A>G p.D115G
¢.350G>A pW117 ™
€.368T>G p.V123G
€.393G>C p.E131D
€.393+5 G>A

€.394-16T>A

C.396G>A p.W132™
C.419G>A p.W140™
C.424G>T p.Al142S
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Effect
Deletion
Deletion
Missense

Frameshift
Stop codon

Missense
Missense
Missense
Missense
Missense
Missense
In-frame deletion
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense

Frameshift

Missense

Frameshift

Missense
Missense
Missense
Missense
Missense
Stop codon
Missense
Missense
Splicing
Splicing
Stop codon

Stop codon

Missense

Reference
[112]
[126]
[127]
[126]

[103]

[112]
[110]
[111, 128]
[103]
[115]

[82]

[129]

[88, 115]
[113]

*

[112]
[112]

[94]

[130]
[103, 115]

*

[112]
[131]

[112]

[112]

[131]

[82]

[83, 126, 132]

*

[94]
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2 c.428C>T p.P143L Missense [112]
2 C.433dupA p. T145Nfs*50  Frameshift [131]
2 C.451G>A p.V151M Missense *
2 €.454G>C p.G152R Missense [133]
2 €.458_459delTG p.V153fs *40 Frameshift [127]
1VS2 c.497+1G>T Splicing [131]
3 Exon 3 deletion p.F167Dfs %61 Deletion *
3 ¢.505C>T p.R169W Missense [114, 115]
3 ¢.506G>C p.R169P Missense *
3 ¢.506G>A p.R169Q Missense [134]
3 ¢.517delC p.L173Cfs % Frameshift [131]
3 ¢.523G>A p.V175M Missense *
3 €.529A>G p.M177V Missense [112]
3 ¢.535A>T p.M179L Missense [83]
3 ¢.557T>C p.L186P Missense [112]
3 ¢.565_568delTTCT p.F189Rfs 13 Frameshift *
3 ¢.573delG p.N192Ifs 11 Frameshift [112]
3 €.614T>G p.M205R Missense *
3 €.629A>G p.N210S Missense *
3 €.632A>G p.Y211C Missense [135]
3 €.641C>T p.A214V Missense *
1VS3 €.652+1G>A Splicing [115]
1VS3 €.653-2A>C Splicing *
4 €.656C>A p.T219K Missense *
4 c.674C>T p.S225L Missense *
4 €.680G>A p.R227H Missense [112]
4 c.688T>C p.F230L Missense [112]
4 €.692C>T p.S231F Missense *
4 €.695C>T p.T232M Missense [127]
4 €.700G>C p.G234R Missense [112, 131]
4 c.718G>A p.A240T Missense [112]
4 €.725G>T p.G242v Missense [114]
4 €.740C>G p.P247R Missense *
4 €.745_748delTTTG p. F249Lfs *13  Frameshift [131]
4 C.760C>T p.R254 Stop codon [136]
4 C.761G>A p.R254Q Missense *
4 C.768G>A p.W256 Stop codon [94]
4 c.769C>T p.R257W Missense [112]
4 c.791C>T p.T264M Missense [90]
4 €.791C>G p.T264R Missense [112]
4 c.797C>T p.P266L Missense [131]
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Exon mRNA Protein Effect Reference
4 .806delT p.L269Rfs *g  Frameshift [137]
4 ¢.806T>C p.L269P Missense *
5 €.825G>A p.W275™* Stop codon [127]
5 .839delC p.R282Dfs *13  Frameshift [115]
5 €.839C>T p.S280F Missense [94]
5 C.844C>T p.R282% Stop codon [102, 134, 135]
5 c.844delC p.V295 * Stop codon [138]
5 c.845G>A p.R282Q Missense [94]
5 c.847T>C; T>A p.W283R Missense [139]
5 c.849G>T p.W283C Missense [83]
5 .865C>T p.R289X Stop codon [127]
5 €.902C>A p.A301D Missense [114]
5 €.934A>G p.1312v Missense [90, 112]
5 €.949G>A p.E317K Missense [90]
5 €.955C>T p.Q319” Stop codon [112]
6 €.1008delA p.T337Pfs 11 Frameshift [115]
6 €.1043T>C p.1348T Missense *
6 €.1051T>C p.W351R Missense [114]
7 ¢.1064C>T p.S355L Missense [112]
7 c.1072T>A p.Y358N Missense [112]
7 ¢.1085C>T p.S362L Missense [111]
7 €.1088T>C p.L363P Missense [140]
7 €.1161T>G p.Y387™" Stop codon [136]
7 €.1175_1177delTGC p.L394del In-frame deletion  *
7 €.1193C>T p.P398L Missense [94]
7 €.1195C>T p.R399W Missense [110]
7 c.1196G>A p.R399Q Missense [103]
7 €.1202_1203insA p.y4o1™ Stop codon [102, 115]
7 €.1232G>T p.G411V Missense [133]
7 c.1234A>G p.S412G Missense *
1VS7 €.1267+3_1267+23del Splicing [127]
8 €.1302delG p.G435Afs %3 Frameshift [102]
8 c.1316T>G p.V439G Missense *
8 €.1319C>T p.T440M Missense [115]
8 €.1324_1325GC>AT p.A4421 Missense [110]
8 ¢.1327T>G p.F443Vv Missense [112]
8 €.1336G>T p.V446F Missense [139]
8 ¢.1340A>G p.Y447C Missense [101, 129]
8 €.1342G>T p.V448L Missense *
8 €.1345T>G p.Y449D Missense [101]

Biochim Biophys Acta. Author manuscript; available in PMC 2017 October 01.

Page 35



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Longo etal.

Exon mRNA Protein
8 €.1354G>A p.E452K
8 €.1364C>G p.P455R
8 €.1372delG p. V458*
€.1385G>T p.G462V
8 €.1392_1409delinsCA p.VA4B5TTs 8
8 €.1400C>G p.S467C
8 €.1403C>G p.T468R
8 €.1409C>T p.S470F
8 c.1411C>T p.R471C
8 €.1412G>C p.R471P
8 c.1412G>A p.R471H
8 €.1427T>G p.L476R
8 €.1433C>T p.P478L
VS8 €.1451-1G>A
9 €.1451G>T p.G484V
9 €.1462C>T p.R488C
9 €.1463G>A p.R488H
9 €.1520T>C p.L507S
9 c.1556_1559dupACAC p.I521Hfs %2
10 ¢.1645C>T p.P5495

Effect
Missense
Missense

Stop codon

Missense

Frameshift

Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Splicing

Missense
Missense
Missense
Missense

Frameshift

Missense

Reference
[100]
[112]
[131]

*

*

[83]

[115]
[115]
[111]
[93]

[104]
[141]
[132]
[126]
[113]
[94]

[112]
[113]

[112, 128]

*
Novel mutations not previously reported.
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