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Abstract

Three older patients were diagnosed with systemic carnitine deficiency in childhood nearly a generation ago and have together
been treated for more than 50 patient years. Treatment improved tissue carnitine stores (proven in two) and eliminated most of the
signs and symptoms of carnitine deficiency. All three have continued to respond to carnitine therapy and remain well except for the
irreversible sequelae of the pretreatment illnesses. We demonstrate here that transformed lymphocytes from the first documented
case of plasma membrane carnitine transporter deficiency fail to take up carnitine from the medium. The analysis of the cDNA of
this patient and his parents revealed a homozygous frameshift mutation, 1027delT in exon 4. The resulting polypeptide terminates
after amino acid 295. His parents are heterozygous for this mutation. The deletion resulted in predominately abnormal mRNA
splicing with either a 13 or 19 bp insertion between the junction of exons 3 and 4. The 13/19 bp insertions were found in both parents,
predominantly in cis with the deletion, and rarely seen with normal alleles from either parents or controls.
© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

The high affinity carnitine transporter defect is asso-
ciated with severely reduced transport of carnitine into
kidney, heart, and muscle, leading to an impairment of
fatty acid oxidation. The defect is inherited in an auto-
somal recessive manner. The gene responsible has been
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-recently cloned {1,2] and mapped to chromosome 5931

[3]- It consists of 10 exons [1]. Systemic carnitine defi-
ciency due to mutations in the OCTN2 gene results in
recurrent hypoketotic hypoglycemia and/or dilated car-
diomyopathy in patients [4-15].

In 1980 we published a report of a patient with sys-
temic carnitine deficiency who had responded well to
oral carnitine supplementation [4]. He ceased to have
episodes of hypoglycemia, lethargy, and coma and he
experienced no further hospital admissions. His large
cardiac size returned to normal. We demonstrated
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carnitine depletion in blood, muscle, and liver and its
repletion after months of oral therapy: Four years later
we reported his continued good health and response to
carnitine [16]. At that time we showed that ketogenesis,
previously absent after a 32h fast, had become sub-
stantially normal.

In our first report we had assumed that the-high
urinary excretion of carnitine reflected high absorption
in the GI tract. We now know that this was a manifes-
tation of the primary pathological feature of the defect,
the deficiency of facilitated carnitine transport into heart
and skeletal muscle, and its defective reabsorption in the
kidney [17]. Subsequently this transport deficiency was
demonstrated in cultured skin fibroblasts [18], trans-
formed lymphocytes [19] and cultured myoblasts [20]
from affected patients. .

A similar clinical course and successful response to
treatment is the normal experience with most, if not all,
patients with this disorder, provided there is compliance
with carnitine therapy [21].

We now report the follow-up of this patient for nearly
a generation from initial diagnosis and treatment and
confirm the supposition that this well studied patient
does indeed have mutations in the carnitine transporter
gene and defective uptake of carnitine into immortalized
cultured lymphocytes. We also report the long-term
follow-up of two more patients, demonstrating that all
three have continued in stable good health on high dose
oral carnitine supplementation, without any evidence of
progressive cardiac or liver dysfunction.

2. Materials and methods
2.1. Case reports

Case 1. This boy, the offspring of non-consanguine-
ous Mexican parents, became symptomatic at age 3
months and during the subsequent 3 years spent one-
third of his life in UCLA during 11 hospital admissions.
A brother died at age 3 months of liver disease, in
Mexico. His father recently died from what was diag-
nosed as alcohol-related cirrhosis. The index case suf-

fered eight episodes of cardiac arrest and had repeated

episodes of severe hypoglycemia. Brain imaging revealed
marked enlargement of both lateral ventricles and at-
rophy of the cerebral gyri. He had a severe hypertrophic
cardiomyopathy.

With carnitine therapy, titrated to maintain plasma
carnitine in the low to mid normal range (now 3g—
3times/day), his cardiac function returned to normal
and he required no hospital admissions for more than 20
years. He has weathered acute infections and high fevers
without ‘acute metabolic decompensation. Now at 26
years of age he is able to perform janitorial work with
coaching and is gainfully employed. He is able to read,

write and converse at a simple level and can get around
by public transit as long as the route is familiar. His
physical examination is normal except for mild truncal
hypotonia (a persistent postural idiosyncrasy of his head
tending to hang forward). Muscle strength and periph-
eral tone are normal as are his deep tendon reflexes. He
is a fully grown adult, and has a normal weight and head
circumference. His heart rate is normal and his pulse is
strong. Blood pressure is normal. Cardiac size is normal
and the heart sounds are full. An echocardiogram is
entirely normal. There is no hepatomegaly.

At age 20 he suffered several episodes of staring and
confusion that were consistent with partial complex
seizures. An EEG was normal. The episodes have not
recurred on tegretol therapy.

Case 2. This girl was born to non-consanguineous
East Indian and Caucasian parents. She has been re-
ported previously [22]. By 14 months of age she dem-
onstrated a plateau of her gross motor milestones. Over
the next 2 years, she developed slowly progressive
weakness and recurrent respiratory tract infections. She
suffered no documented episodes of hypoglycemic coma.
At 3 years of age her clinical findings included conges-
tive heart failure with moderate-to-severe mitral valve
regurgitation. Echocardiography demonstrated marked
left ventricular dilatation. At 4 years 3 months of age,
she was found to have very low carnitine concentrations
in serum and muscle. Her serum carnitine concentration
was 19 umol/L total, with a free carnitine of 15 umol/L
(controls: total 51.5+11.6; free 40.0 +9.5). The muscle
carnitine concentration was total/free: 0.17/0.11 pmol/g
wet weight (controls: total/free =3.61/2.69 4-0.56). The
muscle carnitine was comparable to patient 1, whereas
that in serum was higher. Carnitine uptake in cultured
skin fibroblasts at an extracellular carnitine concentra-
tion of 5 umol/L was 2% of normal controls.

On treatment with carnitine (doses adjusted to
maintain carnitine in the low normal range), she had
rapid subjective and objective improvement. Her exer-
cise tolerance improved markedly and her weight in-
creased from the 3rd to the 50th centile, Her markedly
increased left ventricular dimensions returned toward
normal, but remained mildly dilated. By age 9 years she
was a competitive swimmer at school, had a high 1Q, but
continued to have mild hypotonia and a mildly myo-
pathic facies. By age 22 she still had mild abnormalities

“-in left ventricular size, but normal left ventricular

function on echocardiography and was living a physi-
cally active life and studying at the University.

Case 3. This girl of Croation origin was born to
healthy, non-consanguineous parents. She, too, has been
reported previously [22]. She had normal early growth,
but had always been considered to be hypotonic. At 2.5
years of age, during an episode of pharyngitis, she be-
came flaccid and somnolent and on hospitalization, was
found to have hypoglycemia (1 mmol/L), elevated liver
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. transaminases, and normal ammonia. An EEG revealed
large amplitude slow waves. She returned to normal and
had a normal serum glucose after 24h. She suffered
similar episodes 6 months and 1 year later in the context
of viral infections and fever, which were accompanied by
non-ketotic hypoglycemia. Echocardiography revealed a
cardiomyopathy. A 24-h fasting test resulted in marked
hypoglycemia and somnolence that lasted 3 days despite
a continuous infusion of glucose. During a separate 17-h
fast, urine organic acids were normal. Her free serum
carnitine was below the level of detection, whereas
acylcarnitine excretion in the urine was high. Carnitine
uptake in her cultured skin fibroblasts was less than 2%
of normal at an extracellular carnitine concentration of
5 umol/L.

Oral carnitine therapy (dose adjusted to maintain
plasma carnitine in the low normal range) resulted in a
rapid and marked improvement in cardiac function,
with the echocardiogram and the electrocardiogram re-
turning to normal, and increased muscle strength and
growth. Now, at 16 years of age, she is entirely asymp-
tomatic and in the 75th percentile for height and weight.
She has shown an excellent academic performance at
school.

2.2. Laboratory materials and methods

Cell cultures and DNAIRNA isolation. Lymphocytes
were isolated and immortalized with Epstein Barr Virus
and grown in 20% FBS/RPMI 1640/L-Glu at 5% CO,
and 37 °C for patient 1 and both of his parents. DNA
from cells was isolated by using a large scale salting-out
method and total RNA was extracted by using RNA
Stat (Tel-Test).

RT-PCR. The first strand OCTN2 ¢cDNA was syn-
thesized by RT-PCR using gene-specific anti-sense
primers A-1932 (5-GTGTCTGACTTGCTCCTGG-3)
and A-1305 (5-AGTGGGCTATTTTGGGCTTT-3).
CDNA was synthesized using a superscript amplifica-
tion RT_PCRsystem (Gibco BRL). The cDNA was
amplified by PCR using, in addition to the above anti-
sense primers, two sense primers S-45 (5'-GTCGTGCG
CCCTATGTTAAG-3"), §-645 (5-GTGTGAGGACG
ACTGGAAGG-3"), and S-1112 (5-GGACGATTTGA
AGAGGCAGA-3'. The PCR products were purified by
gel extraction (Qiagen) and used for either direct se-
quencing or subcloning.

Genomic PCR. Genomic DNA was isolated from
cultured lymphocytes by using a large-scale salting out
method. PCR was performed on exons 3 and 4 where
the mutations were found on the cDNA level. The PCR
products were then directly sequenced on an ABI Prism
sequence analyzer.

Subcloning. The purified PCR products were subcl-
oned into the PCR 2.1-TOPO plasmid vector provided
in the TA cloning kit (Invitrogen). The cloned fragment

was PCR amplified by using universal M13 vector
primers. The PCR products were purified and analyzed
by restriction enzymes, Eaelll and Nspl, to differentiate
clones with the single bp deletion and 13 or 19bp in-
sertion. DNA sequences were run on ABI Prism se-
quence analyzer.

Carnitine uptake assay. The rates of carnitine uptake
were measured in lymphoblast cell cultures grown in
suspension. Cells (2 x 10%) were resuspended in 2mL
serum free RPMI-1640 and incubated for 4 h with 2.5 Ci
L-methyl-*H carnitine at 37 °C and 5% CO, with various
concentrations of unlabelled carnitine. After 4h of in-
cubation the cells were washed three times with PBS
without Ca™™ and Mg**. Cells were then lysed in 2mL
of 0.5N NaOH and incubated at 37°C for 30 min. The
cell-bound radioactivity was measured by using scintil-
lation counting. The cell protein was determined by the
Lowry assay.

3. Results

Table 1 shows the results of the plasma membrane
carnitine transport assay performed on cultured lym-
phocytes from patient 1 and his two parents. The rate of
carnitine uptake was severely reduced in the patient’s
cultured lymphocytes to less than 2% of normal control
cultured lymphocytes. Cultured lymphocytes from the
patient’s father and mother demonstrated intermediate
rates of carnitine uptake with velocities of uptake re-
duced to 30% of normal control cultured lymphocytes.
These are consistent with heterozygote carrier levels.

Screening of the coding exons and exon-intron
boundaries of the OCTN2 gene by direct sequencing of
genomic DNA revealed the presence of a homozygous
frameshift mutation, 1027delT, in exon 4 of the OCTN2
gene in patient 1 (Fig. 1). As shown in the figure, this
mutation is predicted to lead to a scrambled amino acid
sequence at the site of the deletion, a premature stop
codon at amino acid 295 in the OCTN2 protein and a
loss of the C-terminal 262 amino acids of the normal 557

Table 1
Carnitine transport in transformed lymphocytes from patient 1, his
parents.and controls

Carnitine uptake velocity (5uM)
(pmol carnitine uptake/min/mg protein)
Mean + SD

0.0032 4 0.0006 (3)

Proband

Father 0.15
0.16

Mother 0.14
0.17

0.3540.11 (10)

n, Number of determinations.

Controls
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A. OCTN2 coding region

13 or 19 bp insertion 8751 ldel T 1027

B. Consequences of deletion and insertions

delT aa 295

w..-....-......-....-.'.......-.-...-....

13 or 19 bp insertion aa 283 or 285

aa 557

13 or 19 bp insertion + delT

Fig. 1. Schematic representation of the protein encoded in the OCTN2 gene. (A) The protein with the 10 exons delineated and Jjuxtaposed. The
junction between exons 3 and 4 is the site of the 13 or 19 bp insertion and is marked by an arrow. The deletion of a T at position 1027 of the mRNA
occurs at the 3’ end of exon 4 and is marked by a second arrow. (B) The consequences of the insertions and the single base pair deletion on the 557
amino acid OCTN2 protein. Del T at mRNA position 1027 results in a frame shift beginning at the site of the deletion and causing a scrambled
amino acid sequence terminating with a stop signal at amino acid position 295. The normal sequence in this figure is represented by a black rectangle,
the scrambled sequence by the hatched symbol and the missing amino acids by the broken line. Insertion of the 13 or 19 bp of intron 3 results in a
scrambled sequence at the site of insertion and chain termination at amino acids 283 or 285. The presence of one of the insertions and the deletion
results in a frame shift at the site of the insertion and a scrambled amino acid sequence at the exon 3—exon 4 border. A recovery of the proper frame
occurs following the deletion and a full-length transcript is the result. The scrambled amino acids involve the critical ATP/GTP binding motif and

distupt membrane-spanning regions 5 and 6 (not shown in this figure). An inactive membrane transporter would be predicted.

amino acid sequence. Patient 1 was also homozygous for
a silent polymorphism, 1028G > A, immediately fol-
lowing the frameshift mutation. Both of parents were
heterozygous for the frameshift mutation, 1027delT in
exon 4. The mother was heterozygous for the poly-
morphism, 1028G > A while the father was homozy-
gous for the polymorphism.

Direct sequencing of cDNA prepared from patient 1’s
cultured lymphocytes confirmed the homozygous
1027delT and 1028G — A mutations in exon 4. How-
ever, it also revealed the presence of aberrant transcripts

containing 13 or 19 nucleotide insertions between the

junction of exons 3 and 4 (Fig. 1). The splice junctions of
exons 3 and 4 were sequenced from genomic DNA and
found to be normal.

As shown in Table 2, when the cDNA fragments
from patient 1 were subcloned, the aberrant transcripts
containing the 13/19 nucleotide insertions in cis to
1027delT mutation were predominant (89%) while only
11% of the transcripts contained the the 1027delT
mutation alone. Clones of cDNA prepared from nor-
mal control cultured lymphocytes also showed the 13/
19 nt insertion at a low frequency (6%). Analysis of
cDNA subclones prepared from the patient’s mother
and father demonstrated presence of 13/19 nt insertion

Table 2
Distribution of mRNA transcripts from the transformed lymphocytes
from patient 1, his parents and a control

Del T 13 or 19bp Del T+ Wild-type
(%) insertion (%)  insertion (%) (%)
Patient 11 89
Father 6 44 50
Mother i1 33 56
Control 5 95

transcripts together with the 1027delT mutant allele in
44% of the subclones. In the mother, 11% of the clones
contained the 13/19 nucleotide insert together with the
the wild-type exon 4 sequence. In 18 clones examined,
the father had none that contained the 13/19 nucleotide
in combination with the 1028G — A polymorphism. In
these parents, abnormal splicing was found in 93% of
their 15 clones that contained the 1027delT mutation,
compared with 6% abnormal splicing in clones lacking
the mutation (p < 0.0001). Subclones of OCTN2
cDNA from a control fibroblast culture were also ex-
amined and showed the presence of the 13/19 bp in-
sertion in 22% of clones, confirming that the intron 3
splicing variation was not an artifact of cultured lym-
phocytes.
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4. Discussion

The results of these studies prove that the patient
with primary carnitine deficiency that we first described
in 1980 [4] has a deficiency of the plasma membrane
carnitine carrier encoded by OCTN2. At the time the
report was written, we assumed that carnitine defi-
ciency, like many other inborn errors of metabolism,
was due to an inborn error of enzymatic function. Such
a defect made replacement therapy logical and more
likely to be effective. The marked urinary excretion of
replacement carnitine was interpreted as indicative of
the effective uptake of carnitine by the GI tract. With
the demonstration that a membrane transport defect
was the underlying cause of other cases of systemic
carnitine deficiency, this became the more likely cause
of the disease in our patient as well. Proving it was
important, since tissue concentrations of carnitine
measured in this patient, both before and after therapy
are almost unique and their applicability to other cases
of carnitine transporter deficiency needed to be shown.
With this study we have demonstrated that assumption
to be cdrrect.

There are few patients with plasma membrane car-
nitine transporter deficiency who have been treated for a
prolonged period of time and who reflect the sustained
efficacy of this treatment. These three patients represent
more than 50 years of ongoing treatment and all have
greatly improved cardiovascular and hepatic function.
Patients 1 and 3 have apparently normal heart size and
measurable cardiac function, whereas patient two, de-
spite excellent functional performance, still has mild left
ventricular dilatation.

Patients 2 and 3 never experienced any intellectual
problems (despite a severe episode of hypoglycemia in
patient three) and are now continuing to function at a
normal or high cognitive level. Patient 1 suffered severe
cerebral oxygen deprivation as well as hypoglycemia, and
has evidence of cerebral atrophy on imaging and is
handicapped, presumably as a result. Because so many
other patients with systemic carnitine deficiency are
cognitively normal, it is reasonable to believe that car-
nitine deficiency adversely affects cognition primarily in
the context of predisposing to episodes of hypoketotic,
hypoglycemic coma with secondary cerebral injury.

We have been informed of at least two other patients
with 20 or more years of treatment experience who are
also doing well (D. Valle and C. Sansariq, personal
communication).

Despite this favorable long-term experience with
carnitine replacement therapy, the pathobiology of the
system gives some reason for caution. The mutated
transport protein not only causes impaired renal tubular
reabsorption, but also impaired cellular uptake. The low
normal or slightly reduced plasma levels of carnitine
achieved with most patients, may be insufficient to

correct the intracellular deficiency completely and the
consequences of this shortage over many years in heart
and skeletal muscle is unpredictable. Both patients one
and two achieved only partial correction of carnitine in
muscle, even though they showed considerable clinical
improvement [4,22]. Moreover, cardiac hypertrophy has
been reported in some heterozygote carriers, a finding
that may foreshadow future cardiac pathology in indi-
viduals with the carnitine transporter defect, particularly
in the context of aging and additive cardiac risk factors
such as hypertension and/or environmental factors
which may act synergistically to lower efficiency of
cardiac ATP production, -despite continuing carnitine
therapy [12].

The mutation analysis in patient 1 proved to be of
unusual interest as well. Firstly the parents, despite the
absence of known consanguinity, proved to be carriers
of the same mutation. They come from the relatively
large city of Durango in Northern Mexico and deny any
knowledge of common geographic origin from a small
community. Consequently it is difficult, absent more
extensive mutation analysis in Spanish or Mexican pa-
tients with plasma membrane carnitine transporter de-
ficiency, to know whether this founder mutation is of
Amerindian or European origin.

The effect of the mutation of a single T at position
1027 in the coding sequence appeared to result in de-
fective transporter function through two molecular
mechanisms: directly in a small proportion of tran-
scripts by acting as a nonsense mutation with pre-
mature protein termination; and indirectly, by inducing
mis-splicing (Fig. 1). RT-PCR of the mRNA from
patient 1's cultured lymphocytes revealed a high prev-
alence of a splicing variant which represents insertions
of either 13 or 19bp at the junction of exons 3 and 4,
presumably by causing recognition of alternative
splicing signals. Either insertion alone results in a
frame shift and a shortened polypeptide of either 283
or 285 amino acids. In the presence of the deleted
nucleotide, these deletions allow for the recovery of the
correct reading frame after the deletion and completion
of the polypeptide, but with a stretch of “scrambled”
amino acids in the region of the critical ATP/GTP
binding motif [1,2]. The proband always has the 13/
19bp insertion in cis with the 1027delT mutation.
Therefore the proband will have almost full length
c¢cDNA with a scrambled sequence in between, and in
addition to the prematurely truncated cDNA with the
1027delT mutation alone. The abundance of these mis-
spliced sequences, assessed by sub-cloning individual
messages is shown in Table 2. '

Surprisingly, this mis-splicing occurs in normal
transformed lymphocytes approximately 6% of the time.
It occurred in 89% of the clones from the patient and in
44 and 33% of the deleted clones from his parents. In the
father, 44% of all clones had both the Del T and the
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insertion, whereas 6% had the Del T alone. In the mo-
ther all the Del T clones had an insertion. In the ag-
gregate, these data demonstrate that this single base pair
deletion exaggerates a tendency to mis-splice at this site.

A 19-bp insertion “tatggccatcaggttggag” between
nucleotides G874 and G875 which results from a mis-
splicing event just downstream of exon 3 of the
OCTN2 gene (as this sequence contains part of the
donor intronic sequence), has been previously reported
as one of the disease causing mutations in a boy of
Italian descent who was shown to be a compound
heterozygote [7]. This 19-bp insertion creates a frame-
shift resulting in a premature stop codon, thus yielding
a predicted truncated protein of 284 amino acids. This
boy had a mean rate of carnitine uptake in his cultured
skin fibroblasts that was 2% of controls at a carnitine
concentration of 5 umol/L.

The peculiar feature of coding sequence mutation
leading to splicing and thus translation abnormalities at
remote sites, has been described previously. Vockley et al.
[23] described this for mutations in the gene encoding
isovaleryl CoA dehydrogenase and we have recently
described this in the carnitine mitochondrial translocase
gene [24]. Stoffers et al. [25] have reported a coding se-
quence mutation in the insulin promoting factor 1 gene
associated with early onset diabetes which yields alter-
nately translated protein products. In this case alterna-
tive products of the mutation contribute to the
pathogenesis of the disease because one of the resulting
proteins appears to act in a dominant negative fashion.
At this point the significance of missplicing secondary to
coding sequence mutations of OCTN2 to the biology of
carnitine metabolism and function is inapparent.

In summary, systemic carnitine deficiency due to
mutations in the carnitine membrane transporter gene,
appears to be a highly treatable disorder. The duration
of the effective treatment appears to be at least 20 years
and may be life-long. Efficacy of treatment longer than
that reported here will have to be confirmed by follow-
up studies, particularly given the documented cases of
cardiomegaly in adult carriers. Because complete re-
versal of all pathology has not been accomplished, early
diagnosis and treatment is important. Whether newborn
screening by tandem mass spectrometry will ascertain
presymptomatic cases is uncertain [26].
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