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Maternal systemic primary carnitine deficiency
uncovered by newborn screening: Clinical, biochemical,
and molecular aspects
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Background: Systemic primary carnitine deficiency is an autosomal
recessive disorder of the carnitine cycle caused by mutations in the
SLC2245 gene that encodes the carnitine transporter, organic cation
transporter. Systemic primary carnitine deficiency typically presents in
childhood with either metabolic decompensation or cardiomyopathy.
We report five families in which low free carnitine levels in the infants’
newborn screening have led to the diagnosis of maternal systemic
primary carnitine deficiency. Methods: Blood samples from the infants
and /or their family members were used to extract the DNA. The entire
coding regions of the SLC22A5 gene were sequenced. The clinical data
were obtained from the referring metabolic specialists. Result: Se-
quencing the SLC2245 gene allowed molecular confirmation with iden-
tification of three novel mutations: ¢.1195C>T (p.R399W),
c.1324_1325GC>AT (p.A442I), and c.43G>T (p.G15W). All infants
were asymptomatic at the time of diagnosis, and one was found to have
systemic primary carnitine deficiency. Three mothers are asymptomatic,
one had decreased stamina during pregnancy, and one has mild fatiga-
bility and developed preeclampsia. Discussion: These findings provide
further evidence that systemic primary carnitine deficiency presents
with a broad clinical spectrum from a metabolic decompensation in infancy
to an asymptomatic adult. The maternal systemic primary carnitine defi-
ciency was uncovered by the newborn screening results supporting the
previous notion that newborn screening can identify some of the maternal
inborn errors of metabolism. It also emphasizes the importance of maternal
evaluation after identification of a low free carnitine level in the newborn
screening. Genet Med 2010:12(1):19-24.
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ystemic primary carnitine deficiency (CDSP) is an autoso-

mal recessive disorder of the carnitine cycle caused by
mutations in the SLC2245 gene that encodes the carnitine
transporter, organic cation transporter (OCTN2).1.2 CDSP was
first described in 1975.3 However, the defect in the plasma
membrane carnitine transport responsible for CDSP was not
described until 13 years later,*5 and mutations in the SLC2245
gene were first demonstrated in patients with CDSP in 1999.1-2

CDSP has a frequency of about 1:40,000 newborns in Japan®
and 1:37,000—1:100,000 newborns in Australia.” In the United
States and Europe, the frequency of CDSP has not been defined,
but from the reported cases, it seems similar to that of Japan.?

CDSP typically presents in childhood with either metabolic
crises in the first 2 years of life or cardiac symptoms after the
age of 2 years.® About half of the reported patients presented
early (3 months to 2.5 years) with metabolic decompensation
characterized by episodes of hypoketotic hypoglycemia, hyper-
ammonemia, hepatomegaly, elevated transaminases, and he-
patic encephalopathy. Cardiomyopathy, skeletal muscle weak-
ness, and mildly elevated creatine kinase are occasionally seen
associated with metabolic decompensation.3-* Progressive car-
diomyopathy with or without muscle weakness and hypotonia is
the presenting sign in the other half of cases with age of onset
between 1 and 7 years.®~1° Cardiomyopathy can also be seen in
older patients with a metabolic presentation.® Death from car-
diac failure before diagnosis can occur, suggesting that CDSP
can be fatal if not treated.!! Other atypical manifestations have
been reported, including anemia,!? proximal muscle weakness,
and developmental delays.!?> Asymptomatic cases have been
reported in a family where a father and his two sons were each
found to be homozygous for p.R471H mutation in the SLC2245
gene and to have deficient carnitine uptake in fibroblasts. One
son became symptomatic in infancy, while the father who was
28 years old and the other son who was 5 years old remained
asymptomatic.'4

In patients with CDSP, serum free and acylated carnitine are
extremely reduced (free carnitine <5 umol/L, normal 25-50
pmol/L). Urine organic acid analysis does not reveal any con-
sistent abnormality, although a nonspecific dicarboxylic acid-
uria has been reported.®'> The diagnosis can be confirmed by
demonstrating reduced carnitine transport in skin fibroblasts,
which is usually reduced below 10% of the value of matched
controls!210.17 or by SLC2245 gene sequencing.'-

Patients with CDSP respond to oral carnitine supplementa-
tion (100—400 mg/kg/day) if started before irreversible organ
damage occurs. The dose of carnitine supplementation should
be adjusted in each patient according to the plasma carnitine
levels.® The long-term prognosis is favorable as long as patients
remain on carnitine supplements. Repeated attacks of hypogly-
cemia or sudden death from arrhythmia even without cardio-
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myopathy have been described in patients discontinuing carni-
tine supplementation.?

CDSP can be identified in infants through newborn screening
programs using tandem mass spectrometry that can detect low
levels of free carnitine (C0).” Two recent reports!s:'® docu-
mented women diagnosed with CDSP after low carnitine levels
were identified in their infants through newborn screening. The
first report described four asymptomatic women in whom the
diagnosis was confirmed by fibroblast carnitine uptake. Only
one of the infants was found to be affected with CDSP.!® The
second report described six women in whom the diagnosis was
confirmed by fibroblast carnitine transport and mutation analy-
sis of the SLC2245 gene. Three mothers were asymptomatic.
However, the other three mothers had decreased stamina, easy
fatigability with exercise, and fasting intolerance.!®

We report five additional families in which the mothers were
diagnosed with CDSP after newborn screening of their infants
exhibited low free carnitine levels.

MATERIALS AND METHODS

Blood samples from infants with abnormal newborn screen-
ing and/or their family members were sent to Mitochondrial
Diagnostic Laboratory at Baylor College of Medicine for
SLC2245 gene mutation detection. Deoxyribonucleic acid
(DNA) sequencing of the entire coding regions of the SLC2245
gene was performed. Sequence-specific oligonucleotide primers
for the SLC22A45 gene, which were linked to the M 13 universal
primer sequences at the 5" ends, were designed to amplify the
10 coding exons (see Table, Supplemental Digital Content 1,
http://links.lww.com/GIM/A90). Polymerase chain reaction prod-
ucts were generated using FastStart DNA polymerase (Roche,
Indianapolis, IN) and purified with ExcelaPure 96-well ultrafiltra-
tion (UF) polymerase chain reaction purification plates (Edge Bio-
Systems, Gaithersburg, MD). Sequencing reactions were per-
formed using the BigDye Terminator Cycle Sequencing kit
(Version 3.1) and analyzed on an ABI3730XL automated DNA
sequencer with the Sequencing Analysis Software v5.1.1 (Applied
Biosystems, Foster City, CA). The sequencing results were com-
pared with the GenBank SLC2245 sequence (NT_003060.2) by
using the Mutation Surveyor Version 2.61.

The clinical data were obtained from the referring metabolic
specialists at the time of referral for molecular confirmation of
CDSP after newborn screening results suggestive of that con-
dition. For complete information, the medical records of the
mothers and other family members were reviewed.

RESULTS

We report five families where the mothers were diagnosed
with CDSP after newborn screening of their infants showed low
carnitine levels. The diagnoses were confirmed molecularly by
identifying mutations in the SLC2245 gene.

Clinical description

The five families are of different ethnicities; Family 1 is
African American, Families 2 and 5 are white, and Families 3
and 4 are Indian. All five infants were born at term with a
normal birth weight and unremarkable neonatal physical exam-
ination. In Family 3, the pregnancy was complicated by pre-
eclampsia requiring birth by caesarian section. The mother in
Family 5 developed hyperemesis gravidarum during the first
trimester that required antiemetic medications. No pregnancy
complications were reported for the other three families. The
newborn screening for each infant was drawn on the second or
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third day of life and showed low free carnitine, which was
confirmed by subsequent plasma carnitine analysis (Table 1).
Therefore, all the infants were given carnitine supplementation
at 50-100 mg/kg/day. After carnitine supplementation, repeat
carnitine profiles showed normal carnitine levels in infants in
Families 1-4. The infant in Family 5 has been lost to follow-up
after the initial evaluation. The infant in Family 4 had a docu-
mented normal carnitine profile after discontinuation of carni-
tine supplementation (Table 1). The five infants in Families 1-5
were last evaluated at ages of 1 month, 2 months, 3 years, 1
year, and 1 month, respectively. They were all asymptomatic
with normal physical examination and growth parameters and
exhibited age appropriate development.

All the five mothers were found to have low plasma carnitine
levels (Table 1). The mothers in Families 1, 4, and 5 who are
aged 29, 33, and 21 years, respectively, reported no complaints
and no significant medical history. The mother in Family 2 is 37
years old. She had three previous spontaneous miscarriages and
complained of decreased stamina only during pregnancy and a
few weeks postpartum. The mother in Family 3 is 28 years old.
She is reported to have mild intermittent fatigability that does
not affect her regular life activity and not related to the preg-
nancy status. She also has palpitations. Cardiac evaluation re-
vealed sinus tachycardia. All five mothers had normal physical
examinations except the mother in Family 1 who has a body
mass index of 17.5. Echocardiography performed in the mothers
from Families 1, 2, 3, and 5 was normal. The mother in Family
4 did not have an echocardiogram. The mothers were given 1-2
g daily of L-carnitine. Repeat carnitine levels after supplemen-
tation showed normal levels in the mothers in Families 2 and 3.
The mother in Family 4 was not compliant to the carnitine
supplementations and continued to have low carnitine levels
(Table 1).

The infant in Family 1 has a 2-year-old brother and 11-year-
old maternal half sister. Neither is reported to have any com-
plaints or significant medical history. They were found to have
low plasma carnitine levels as well (Table 1) (Fig. 1).

SLC22AS5 gene sequencing results

Results of the SLC2245 gene sequencing are summarized in
Table 1. The mother in Family 1 was found to be compound
heterozygous for two novel missense variants; c.1195C>T
(p-R399W) and ¢.1324_1325GC>AT (p.A4421). The infant
and her brother were found to be heterozygous for one missense
variant, the ¢.1195C>T (p.R399W), whereas the sister is a
carrier for the c¢.1324_1325GC>AT (p.A442]) variant. Argi-
nine at position 399 and alanine at position 442 of the OCTN2
protein are evolutionarily conserved from zebrafish to human
and from frog to human, respectively. The p.R399W is pre-
dicted to be deleterious by the Sorting Intolerant From Tolerant
(SIFT) and PolyPhen computer algorithms (http://blocks.fhcre.
org/sift/SIFT.html; http://genetics. bwh.harvard.edu/pph/). The
amino acid change p.R399Q at the same position has been
reported to be pathogenic.'® The p. A442] mutation was also
predicted to be deleterious by the SIFT computer algorithms.
The mother in Family 2 is compound heterozygous for two
missense mutations ¢.136C>T (p.P46S) and c¢.695C>T
(p-T232M). Both mutations have been reported in patients with
CDSP.19-20 The infant in Family 2 was not tested. The infant and
the mother in Family 3 are both compound heterozygous for
two missense mutations ¢.248 G>T (p.R83L) and ¢.641C>T
(p-A214V). The father, who is a 32-year-old healthy man, is
heterozygous for the missense mutation ¢.248 G>T (p. R83L).
The ¢.248G>T (p.R83L) mutation has been reported in a pa-
tient with CDSP,2! and the ¢.641C>T (p.A214V) has been
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g recorded as a mutation in the OCTN2 database (http://www.
= arup.utah.edu/database/OCTN2/OCTN2_display.php). The mother in
~ < Family 4, whose parents are distant cousins, is homozygous for a
o 3 f novel missense variant, ¢.43G>T (p.G15W). This variant changes
5= A evolutionarily conserved glycine to tryptophan and is predicted to
% < be deleterious by SIFT and PolyPhen (http://blocks.thcrc.org/sift/
2 < SIFT.html; http://genetics.bwh.harvard.edu/pph/). The possibility
g °© of intragenic deletions of the SLC2245 gene was excluded using
& s target oligonucleotide array comparative genomic hybridization
< 8 (array CGH) according to published procedures®? (data not
S - 54; shown). The mother in Family 5 is compound heterozygous for
2|2 = c.136C>T (p.P46S) and ¢.424G>T (p.A142S), both mutations
= A were reported previously.'-2* The infants in Families 2, 4, and 5
2 were assessed clinically not to have carnitine deficiency and mo-
E = lecular testing was not sent but are presumed obligate carriers
Z 3] . . . .
given the diagnosis of their mothers.
02
| =ET DISCUSSION
E| QEQ
E|1<sz2 Carnitine is transferred from the placenta to the fetus during
8 & intrauterine life. Therefore, free carnitine levels in infants
@ shortly after birth reflects those of the mother.2#?> The reported
E 2 S infants had low free carnitine on the newborn screening, which
gl 8 = 2' reflects the low carnitine levels in their mothers who were each
Sl EC subsequently diagnosed to have CDSP. This finding supports
2 °e the previous notion that newborn screening can identify some
;é: maternal inborn errors of metabolism.!:1° It also emphasizes
B ) the importance of maternal evaluation after identification of a
2l8E9 low free carnitine level in the newborn screening.
518 g bt Free carnitine is extremely reduced in CDSP.8:15> The mothers
°Z in this report exhibited very low free carnitine levels at the time

of diagnosis. Individuals with heterozygous mutations are
asymptomatic carriers with no clinical consequences. They have

o=
;\EO”T = = half-normal carnitine transport in their fibroblasts and might
<E b Sz Tz have borderline low levels of plasma carnitine;'5 this was true
sz for the brother and maternal half-sister in Family 1 who had low
free carnitine levels but not to the degree of patients with CDSP.
P :c: However, the father in Family 3, who is also carrier, had a
a 8= ob o B . E normal carnitine profile. The diet, which provides about 75% of
3| =EZ2 = = daily carnitine requirements,!! may play a role modulating these
é = variable carnitine levels. Therefore, we conclude that plasma
g carnitine levels are not a reliable indicator for CDSP carrier
Ig P § status. ) ) N )
3 EE L o B o E The asymptomatic mothers in Families 1, 4, and 5 along with
s | B EC Z Z those previously reported in the literature!+18.1° indicate that
% °Z individuals with CDSP can be asymptomatic. The limited liter-
2 ature about asymptomatic status and the lack of follow-up make
2. 5 it unclear whether potential health risks exist for affected, but
£ £8 © © asymptomatic, individuals. It has been shown that some fatty
225 S 5 & B acid oxidation defects such as medium chain acyl CoA dehy-
el SEJ R < R < drogenase deficiency can remain asymptomatic until causing
.E = § sudden death or other acute presentation during severe stress in
? adults.26-28 As such, we believe it is prudent for asymptomatic
oy — patients with CDSP to be treated with carnitine supplementation
£ to prevent a potential decompensation due to intercurrent illness
SEa g or stress.
230 © g Pregnancy is a metabolically challenging state as energy
T g gz © Té consumption significantly increases. In addition, the maternal
2 < ‘g ~ s plasma carnitine levels are physiologically lower during preg-
b= 2 3 = nancy.?> The mother in Family 2 complained from decreased
S g stamina during pregnancy._Thls may indicate that CDSP may
— - 5 7 manifest or exagerbate Qurlng pregnancy. o '
o > & i o The mother in Family 3 complained of mild intermittent
2 g k= S : fatigability; this clinical finding has been reported previously.!'®
- 5 z This report in addition to others'+18:1° presents patients with

22 © 2010 Lippincott Williams & Wilkins
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Fig. 1.

Family 1: The mother is compound heterozygous for the c.1195C>T (p.R399W) and the c.1324_1325GC>AT

(p.A442l). The infant and her brother are heterozygous for c.1195C>T (p.R399W), whereas the sister is heterozygous for
€.1324_1325GC>AT (p.A442l). Family 2: The mother is compound heterozygous for c.136C>T (p.P46S) and c.695C>T
(p.T232M). Family 3: The infant and the mother are compound heterozygous for c.248G>T (p.R83L) and c.641C>T
(p-A214V). The father is heterozygous for the missense mutation c.248G>T (p. R83L). Family 4: The mother is
homozygous for the c.43G>T (p.G15W). Family 5: The mother is compound heterozygous for c.136C>T (p.P46S) and

C.424G>T (p.A142S). NT: not tested.

CDSP who are either asymptomatic or have mild symptoms.
These features provide further evidence that CDSP presents
with a broad clinical spectrum from an infant with metabolic
decompensation to an asymptomatic adult. There is no expla-
nation for this wide phenotypic variation based on the current
understanding of CDSP, though other genetic and/or environ-
mental modifier factors may play a role.

In infants with CDSP, oral carnitine supplementation is fol-
lowed by a slow normalization of plasma carnitine levels,!!-8
whereas unaffected infants of CDSP mothers showed a rise in
plasma carnitine levels on supplementation within weeks.!® The
unaffected infants in Families 1 and 2 showed normal carnitine
levels after carnitine supplementation for 4 days and 2 weeks,
respectively. After 4 weeks of carnitine supplementation, the
affected infant in Family 3 showed some increase in carnitine
levels that were still below normal.

Individuals who are heterozygous carriers for SLC2245 gene
mutations have no clinical consequences, although there was
one report showing that heterozygote carriers were predisposed
to late onset benign cardiac hypertrophy.®

Three novel variants of the SLC2245 gene were identified
within these families: c¢.1195C>T (p.R399W), c.1324_
1325GC>AT (p.A442]), and c.43G>T (p.G15W). These vari-
ants had not been described previously in association with
CDSP. Each variant changes evolutionarily conserved amino
acids and is predicted to be deleterious. In addition, the mothers
who carry these mutations have very low carnitine levels that

Genetics IN Medicine ® Volume 12, Number 1, January 2010

are consistent with a diagnosis of CDSP. Therefore, these
variants are most likely disease causing mutations.

In conclusion, this article provides further evidence that
newborn screening can uncover the diagnosis of maternal
CDSP. This emphasizes the importance of maternal evaluation
after identification of a low free carnitine level in the newborn
screening. CDSP has a wide phenotypic spectrum ranging from
metabolic decompensation in infancy to an asymptomatic adult.
Based on our knowledge about other fatty acid oxidation de-
fects, carnitine supplementation for asymptomatic patients is
recommended. CDSP may manifest or exacerbate during preg-
nancy. Plasma carnitine levels are not a reliable method to
determine CDSP carrier status. Lastly, the novel variants
c.1195C>T (p.R399W), ¢.1324_1325GC>AT (p.A4421), and
c.43G>T (p.G15W) reported here are thought to be disease-
causing mutations.
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