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Abstract Mitochondrial $-oxidation of long-chain fatty ac-
ids requires the concerted action of three tightly integrated
membrane-bound enzymes (carnitine palmitoyltransferase
I and IT and carnitine/acylcarnitine translocase) that trans-
port them into mitochondria. Neonatal onset of carnitine
palmitoyltransferase II (CPT II) deficiency is an autosomal
recessive, often lethal disorder of this transport. We de-
scribe a novel splice-site mutation in the CPT II gene, found
in a Moroccan family, of which four out of five children
have died from the neonatal form of CPT II deficiency.
Mutation detection studies at the mRNA level in the CPT
II gene implied that the affected children were homozygous
for the previously reported 534T insertion followed by a
25-bp deletion (encompassing bases 534-558). Studies of
genomic DNA, however, revealed all patients to be com-
pound heterozygous for this 534Tins/del 25 mutation, and
for a new g—a splice-site mutation in the splice-acceptor
site of intron 2. Because of these findings, prenatal diagnosis
was performed in chorionic villi of three new pregnancies.
This did not reveal new compound heterozygous genotypes,
and, after uneventful pregnancies, all children appeared to
be healthy. The new mutation is the first splice-site muta-
tion ever identified in CPT II deficiency. The fact that it was
not discovered in the patient’s cDNA makes this study an-
other example of the incompleteness of mutation detection
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at the mRNA level in cases where a mutation leads to
aberrant splicing or nonsense-mediated messenger decay.
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Introduction

Carnitine palmitoyltransferase II (CPT II) deficiency is an
autosomal recessive disorder of mitochondrial (3-oxidation
of long-chain fatty acids (LCFA). In contrast to medium-
chain and short-chain fatty acids, LCFA require a carnitine
transport system to enter the mitochondrial matrix where
fatty acid B-oxidation takes place (Bieber 1988; Guzman
and Geelen 1993). During this transport, the conversion of
long-chain acyl-CoA to acylcarnitine is catalyzed by car-
nitine palmitoyltransferase I (CPT I), which catalytic and
regulatory domains are localized on the outer face of
the outer mitochondrial membrane (Fraser et al. 1997).
Carnitine/acylcarnitine translocase then shuttles the
acylcarnitine through the inner mitochondrial membrane,
where it is converted back to an acyl-CoA intermediate
by CPT II, an inner mitochondrial membrane enzyme
(McGarry et al. 1989).

CPT 1I deficiency has three distinct clinical forms: a
neonatal form, which results in sudden death, and two
less severe forms, the early-onset infantile and late-onset
adult forms. The lethal neonatal form presents with hypo-
ketotic hypoglycemia and severe hepatomuscular symp-
toms (Demaugre et al. 1991). The infantile form shows
recurrent attacks of acute liver failure with hypoketotic
hypoglycemia, resulting in coma and seizures, and transient
hepatomegaly. Classical adult-onset CPT II deficiency is
clinically characterized by recurrent episodes of muscle
pain, muscle weakness, and rhabdomyolysis, triggered by
prolonged exercise (DiMauro and DiMauro 1973).

The cloning of the CPT II gene has enabled the identifi-
cation and analysis of mutations in CPT II patients, as well
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as the correlation of mutant genotypes to clinical pheno-
types (Thuillier et al. 2000; Verderio et al. 1995). Truncating
CPT II mutations are often associated with the severe neo-
natal form, while “mild” missense mutations mostly lead to
the infantile or adult form. The most common mutation in
(adult) CPT II deficiency is the S113L substitution (Taroni
et al. 1993), while several other mutations have also been
identified in individual patients suffering the late-onset and
infantile forms. But to date, only four individual mutations,
all located in the CPT II gene, have been found in patients
with the neonatal form of CPT II deficiency (Bonnefont
et al. 1999).

In this study, we describe a Moroccan family of which
four out of five children, born to non-consanguineous
parents, died from the neonatal form of CPT II deficiency.
Molecular genetic studies were performed to identify
disease-causing mutation(s), which would possibly enable
prenatal diagnosis.

Materials and methods
Study participants

The first CPT IlI-deficient patient, a girl, was born after an
uncomplicated pregnancy of 38 weeks. The second patient,
a boy, born after 37 weeks, exhibited intrauterine growth
retardation. Shortly before birth, intrauterine cardiac
arrhythmias were noticed in this child. The third patient was
a premature boy of 35 weeks. The fourth child, a girl, is
healthy. The fifth child in this family, a CPT II-deficient boy,
was born after an uneventful pregnancy of 37 weeks dura-
tion, following labor inducation. All four affected children
presented between day one and ten with seizures, lethargy,
hypotonia, respiratory insufficiency, cardiac arrhythmias,
cardiomegaly, and hepatomegaly. These four patients died
due to untreatable cardiorespiratory insufficiency with cir-
culatory failure due to dysrhythmias.

In this study, we used the fifth child as our index
patient for molecular analysis, because muscle tissue, blood,
and skin fibroblasts from this patient were available.
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From all other family members, except from the first
child, only DNA (isolated from blood) was available. After
establishment of the primary genetic defect, chorionic
villi of three new pregnancies were used for prenatal
diagnosis.

Biochemical methods

CPT 1I activity in cultured skin fibroblasts was measured
essentially as described by Taroni et al. (1992).

Mutational analyses
mRNA analysis

Wild-type human cDNA was obtained by reverse transcrip-
tion of 200ng poly A* human heart mRNA (Clontech,
Woerden, The Netherlands) in 40ul total sample volume
using Superscript II RNase H™ reverse transcriptase,
oligo(dT), and random hexamer primers (Life Technolo-
gies, Breda, The Netherlands) as described by the manufac-
turer. Total RNA of the index patient was extracted from
cultured human skin fibroblasts (Chomczynski and Sacchi
1987), and 5ug was reverse transcribed as mentioned above.
Polymerase chain reaction (PCR) amplification of six over-
lapping fragments encompassing the complete open reading
frame of the human CPT II cDNA was performed accord-
ing to the protocol for Taq polymerase (Life Technologies).
PCR reactions were performed on 1ul cDNA in 25ul total
sample volume containing 50ng of each primer, 0.25mM
dNTPs, 1.5mM MgCl,, 0.5 units Taq polymerase, and PCR
buffer (Life Technologies). PCR fragments were visualized
by electrophoresis on a 1% agarose gel. Direct sequencing
of the PCR products was performed using ABI PRISM
Dye Terminators on the automated ABI PRISM 377 sequ-
encer according to the manufacturer’s protocol (Applied
Biosystems, Nieuwekerk a/d 1Jssel, The Netherlands). All
oligonucleotides used for both PCR and direct sequencing
were designed according to the human CPT II mRNA se-
quence published in GenBank (Verderio et al. 1995) (acces-
sion number U09648), and are listed in Table 1.

Table 1. Characteristics of primers used for CPT II cDNA polymerase chain reaction (PCR)

and sequencing

Primer name Sequence (5' — 3’) T., (°C) Fragment length (bp)
F1 cag tgt ctt ggg cgc taa cg 52 442
R1 cca ggg tcc cga aat gta gc

F2 cat tgg aaa aga act gca tga gc 58 405
R2 cga gtt gag ttg aaa agc cg

F3 cge ttt gtg cct tee tet ctg 55 453
R3 cag cat att gtg gga caa gtg g

F4 gat gag tag tgg caa tga gga gag c 52 443
R4 ctt tge ctc cte tct gaa act gg

F5 caa ctt cga gct gac tga tgc 55 460
RS gat ccc ttt ggc tge tge

Fo6 gaa gca gca atg ggc cag g 55 386
R6 cat gat gag gaa gtg atg gta gc
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Table 2a. Characteristics of primers used for CPT II gene PCR and sequencing

Primer name Sequence (5" — 3') T,, (°C) Fragment length (bp)
E1F ctt gtg ttt aga ctc cag aac tcc ¢ 58 292
E1R gtc atg agt gac tgc agt cag gtt g

E2F ctt gta aag cta att aac ctc ttc cat a 52 192
E2R tct tga acc acc cca act atg ctc

E3F cat gta ttc cct acc atg gtt tg 58 277
E3R cgt tac ttc att tgc tgg tct cac ¢

E4F ggg aca gea tta aca ttt tat gtt at 60 1426
E4R gta gaa tga ttt agg ctt gct tac cc

ESF ttt cct gag gtc ctt ttc cat cct g 58 425
ESR atg agg aag tga tgg tag ctt ttc a

Table 2b. Characteristics of internal primers used for CPT II exon 4
sequencing

Primer name Sequence (5' — 3’)

E4F2 cgc ttt gtg cct tee tet ctg

E4F3 gat gag tag tgg caa tga gga gag c
E4F4 caa ctt cga gct gac tga tgc

E4R1 cga gtt gag ttg aaa agc cg

E4R2 cag cat att gtg gga caa gtg g
E4R3 ctt tge ctc cte tct gaa act gg

Genomic DNA analysis

Genomic DNA was isolated from cultured skin fibroblasts
using the salt extraction method (Miller et al. 1988). PCR
amplification of all five human CPT II exons with flanking
intronic regions was performed according to the protocol
for Taq polymerase (Life Technologies), by the use of the
primers mentioned in Table 2a. All oligonucleotides were
designed according to the human CPT II gene sequence
published in GenBank (Verderio et al. 1995) (accession
numbers U09642-U(09646). PCR reactions were performed
on 100ng DNA in 25ul total sample volume containing
50ng of each primer, 0.25mM dNTPs, 1.5mM MgCl,, 0.5
units 7aq polymerase, and PCR buffer (Life Technologies).
PCR fragments were visualized by electrophoresis on a 1%
agarose gel. Direct sequencing of the PCR products was
performed using ABI PRISM Dye Terminators on the au-
tomated ABI PRISM 377 sequencer according to the
manufacturer’s protocol (Applied Biosystems). The PCR
primers listed in Table 2a were also used for sequencing.
Because of the length of exon 4, six internal primers were
designed to sequence the complete fragment (Table 2b).

Segregation of both mutations within the family

From the available family members, a part of exon 4 (en-
compassing bp534) was amplified by PCR using the primers
E4F (Table 2a) and E4R1 (Table 2b). PCR products were
visualized by electrophoresis on a 4% agarose gel.

From the available family members, a genomic DNA
fragment of exon 3 was amplified by PCR as described
before. Because the splice-site mutation creates an Msel

restriction site (TTAA), the PCR product was digested with
Msel (277bp — 231bp + 46bp when the mutation is
present), and fragments were separated by gel electro-
phoresis on a 4% agarose gel.

Prenatal diagnosis

DNA was isolated from chorionic villi of three new
pregnancies using the salt extraction method (Miller et al.
1988). Maternal contamination was ruled out using the
AmpFLSTR Profiler Plus PCR amplification kit according
to the manufacturer’s protocol (Applied Biosystems). The
presence of the 534Tins/del 25 mutation as well as the
splice-site mutation was checked as described above.

Results

Biochemical methods

Measurement of CPT II activity was performed in cultured
skin fibroblasts of the index patient. The specific CPT II
activity was 1.1nmol/(mg protein‘min) (controls: 53.1 =
14.0), which amounts to about 2% of the mean control
value.

Mutational analyses
mRNA analysis

The complete open reading frame of the CPT II mRNA
from both the index patient and controls was amplified
in six overlapping fragments by PCR and visualized by
agarose-gel electrophoresis. In the case of the patient’s frag-
ment 2, a single PCR fragment was obtained that appeared
to be smaller than the wild-type fragment (Fig. 1a). Direct
sequencing of all six PCR products revealed a single muta-
tion in our index patient: a 534T insertion followed by a
25-bp deletion (encompassing bases 534-558), as published
before (Yang et al. 1998). Because no wild-type fragment
was amplified from the patient’s cDNA, the mutation was
characterized as homozygous.
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Fig. 1. A Carnitine palmitoyltransferase II (CPT II) cDNA fragments,
amplified with polymerase chain reaction (PCR) primers F2 and R2,
from a control (Co) and the index patient (IP), visualized on a 4%
agarose gel. The control shows a single fragment of the expected length
(405 bp), while the patient shows a single fragment that is smaller than
the wild type. This suggests that presence of a homozygous deletion in
the patient’s cDNA. The pUC*HindIII molecular length marker (M)
and a no-template control (BI) are also shown. B CPT II genomic
DNA fragments, amplified with PCR primers E4F and E4R1, from a
control (Co) and the index patient (/P), visualized on a 4% agarose gel.
The control shows a single fragment of the expected length (381 bp),
while the patient shows three fragments: one equal to the wild type,
one smaller fragment containing the deletion, and one longer fragment
formed by both heteroduplexes. This proves the deletion to be het-
erozygous in the patient’s cDNA. The pUC*HindIII molecular length
marker (M) and a no-template control (B1) are also shown

Genomic DNA analysis

To confirm the mutation at the genomic DNA level, a part
of exon 4 of the CPT II gene was amplified by PCR and
visualized by agarose-gel electrophoresis. Strikingly, three
bands of different length appeared to be amplified: one
equal to the wild-type fragment, one smaller band encom-
passing the deletion, and one longer fragment formed by
both heteroduplexes (Fig. 1b). This proves the 534Tins/del
25 mutation to be heterozygous, which suggests the exist-
ence of a second mutation on the other allele.
Subsequently, all exons of the CPT II gene were amplified
by PCR and visualized by agarose-gel electrophoresis. Di-
rect sequencing of the fragments revealed the index patient
to be compound heterozygous for the 534T ins/del 25 muta-
tion in the exon 4 fragment, and a g—a splice-site mutation in
the last nucleotide of intron 2 (Fig. 2). This new splice-site
mutation was not detected among 100 control alleles.
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Fig. 2. The splice-site mutation is located at the natural splice-acceptor
site of intron 2 (in lowercase) and exon 3 (in uppercase), destroying the
splice-recognition site

Segregation of both mutations within the family

Visualization of both mutations in the available family
members reveals the 534Tins/del 25 mutation to have been
inherited from the (heterozygous) father and the splice-site
mutation to have been inherited from the (heterozygous)
mother. All affected sibs appeared to be compound
heterozygous for both mutations, while the healthy sib is
heterozygous for only the splice-site mutation (Fig. 3).

Prenatal diagnosis

After maternal contamination was ruled out, chorionic villi
DNA of three new pregnancies was checked for both muta-
tions. This revealed the first to be heterozygous for the
534Tins/del 25 mutation, the second to be heterozygous for
the splice-site mutation, and the third to be wild type (Fig.
3). These three pregnancies were continued uneventfully,
and all children appeared to be healthy.

Discussion

Carnitine palmitoyltransferase II (CPT II) deficiency is an
autosomal recessive disorder of mitochondrial fatty acid f3-
oxidation and presents as three clinically distinct pheno-
types: onset and death in the first weeks of life (neonatal
form), initial symptoms occurring later in infancy (infantile
form), and adult onset (adult form). While several muta-
tions have been related to the late-onset and infantile forms
(Taroni et al. 1993), until now, only four individual muta-
tions, all located in the CPT II gene, have been identified in
individual patients suffering the neonatal form of CPT II
deficiency (Bonnefont et al. 1999).

Mutation detection studies using cDNA in a CPT II-
deficient family implied that the index patient, the fourth
affected child, was homozygous for a 534T insertion fol-
lowed by a 25-bp deletion (encompassing bases 534-558), as
published before (Yang et al. 1998). Studies on genomic
DNA, however, revealed the patient to be compound het-
erozygous for the 534Tins/del 25 mutation and for a g—a
splice-site mutation in the last nucleotide of intron 2, which
is the first splice-site mutation ever found in CPT II
deficiency. It has been reported before that g—a transitions
in the last position of an intron can affect splicing, either by
exon skipping or by activating cryptic splice sites, resulting
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Fig. 3. PCR fragments encompassing both mutations were synthesized
from all available family members and from chorionic villi (from which
maternal contamination was ruled out) of three new pregnancies. The
exon 4 fragment (534Tins/del 25 mutation), amplified with PCR prim-
ers E4F and E4R1 (381 bp), was visualized on a 4% agarose gel. The
exon 3 fragment (splice-site mutation), amplified with PCR primers
E3F and E3R (277bp), was digested by the Msel restriction enzyme,
which cuts the mutated PCR product into a 230bp and a (not visible)
47 bp fragment. Fragments were subsequently visualized on a 4% aga-

in an unstable mRNA transcript. Because PCR amplifi-
cation with all possible cDNA primer pairs encompassing
the exon 2—-exon 3 boundary only resulted in the fragment
containing the 534Tins/del 25 mutation (no abnormal-sized
cDNA fragment could be detected), it can be concluded
that the patient’s splice-site mutation leads to mRNA deg-
radation, proving its pathogenity. This study demonstrates
the incompleteness of mutation detection at the mRNA
level in the case of a mutation that results in an unstable
mRNA transcript.

Segregation within the family shows that the father is
heterozygous for the 534Tins/del 25 mutation, the mother is
heterozygous for the splice-site mutation, and all affected
children were compound heterozygous for both mutations.
The nonaffected child carries only the splice-site mutation.
Prenatal diagnosis performed in chorionic villi of three new
pregnancies revealed the first to be heterozygous for the
534Tins/del 25 mutation, the second to be heterozygous for
the splice-site mutation, and the third to have a wild-type
genotype. These three children showed none of the symp-
toms that occurred in their deceased siblings.

Several pathogenic DNA mutations in the CPT II open
reading frame have been identified in all three phenotypes.
The distinct clinical phenotypes of CPT II deficiencies cor-
relate in some extent to distinct genotypes. Truncating CPT
II mutations on both alleles are associated with the severe
neonatal form of the disease, while homozygous and/or
compound heterozygous “mild” missense mutations are of-
ten associated with the adult form of CPT II deficiency
(Bonnefont et al. 1999). In the case where a patient is com-
pound heterozygous for a severe and a mild CPT II muta-
tion, the data show that the presence of the mild one is often
sufficient to expose the patient to a mild clinical phenotype
(Taggart et al. 1999; Thuillier et al. 2000; Yang et al. 1998).
In our patients, the compound heterozygosity of the two

6&601@ BI M
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2980p
267bp
257bp

2980p
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174bp

rose gel. This revealed the father to be heterozygous for the 534T ins/
del 25 mutation and the mother and the healthy sib to be heterozygous
for the splice-site mutation, whereas all affected sibs were clearly
compound heterozygous for both mutations. Chorionic villi DNA of
three new pregnancies revealed the first to be heterozygous for the
534Tins/del 25 mutation, the second to be heterozygous for the splice-
site mutation, and the third to be wild type. Two controls (CI and C2),
the pUC*HindIII molecular length marker (M), and a no-template
control (BI) are also shown

mutations led to the severe neonatal form of CPT II defi-
ciency, so we can conclude that both mutations are severe.
This proves that the new splice-site mutation leads to neo-
natal CPT II deficiency.
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