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Referat und bibliographische Beschreibung

Carnitine Palmitoyltransferase II (CPT II) katalysiert den Transfer von langkettigen
Fettsduren aus dem Zytoplasma in die Mitochondrien wihrend der Oxidation von Fettsiduren.
CPT II  Defekt ist als die héufigste autosomal-rezessiv vererbte FErkrankung des
Lipidstoffwechsels und die hdufigste Ursache der erblichen Myoglobinurie angesehen.

In der vorliegenden Arbeit wurden klinische, biochemische und molekulargenetische Daten
in einer Kohorte von 59 Patienten mit Muskel-CPT-II-Mangel analysiert. Episoden von
Myoglobinurie traten bei 80% der Patienten auf. Bei 95% war der auslosende Faktor die
Korperliche Belastung. Obwohl die myopathische Form oft als Erwachsener Typ bezeichnet
wird, war das Alter bei 61% der Patienten in der Kindheit (1-12 Jahre). Alle biochemisch
untersuchten Patienten (n=42) zeigten im Muskelhomogenat eine normale Enzymaktivitdt von
Gesamt-CPT I+II, aber die Aktivitit wurde signifikant durch Malonyl-CoA und Triton
inhibiert. FGF-21Konzentration in Attacken freien Intervallen war normal bei den Patienten,
bei denen dieser Mitochondrialer Biomarker gemessen wurde (n=13).

Die p.Serl13Leu-Mutation wurde bei 46/49 Indexpatienten (94%) in mindestens einem Allel
nachgewiesen. Deeizehn andere Mutationen wurden ebenfalls identifiziert. Es gab keinen
bemerkenswerten Unterschied im klinischen und biochemischen Phédnotyp von Patienten mit
p-Serl13Leu-Mutation in homozygoter oder Compound heterozygoter Form. Die Ausnahme
war eine Tendenz von etwas hoherer restlicher Enzymaktivitit bei der Inhibierung von
Malonyl-CoA in Serl13Leu Compound Heterozygoten. Obwohl der CPT-II-Mangel als
autosomal-rezessiv betrachtet wird, konnen heterozygote Patienten mit nur einem Mutanten-
Allel auch die typischen Symptome zeigen.

Die klinischen Daten, die durch Fragebogenerhebung in einer Untergruppe mit 13 Patienten
erhalten wurden, hinweisen ebenfalls, dass die Hiufigkeiten der Attacken von Symptomen
beim myopathischen CPT II-Mangel sehr unterschiedlich sind. Fragebogen Studie zeigt, dass
tibergewichtige oder adipdse Patienten ein erhohtes Risiko fiir hiufigere Attacken haben
konnen. Dariiber hinaus brauchten die Patienten im Durchschnitt fast drei Jahrzehnte fiir die
Diagnose eines CPT-II-Mangels, an dem mehrere Arzte beteiligt waren. Dies zeigt, dass das
mangelnde Bewusstsein fiir diese Erkrankungen bei vielen Arzten.
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1. Introduction and Outline

Long-chain fatty acids (IcFA) are an important source of energy, especially for the heart, liver
and muscles. They are used as the preferred substrate in the myocardium at rest and during
prolonged exercise in skeletal muscle [1]. Additionally, fatty acids also serve as building
blocks for membrane lipids and cellular signaling molecules [2—-5]. Ketone bodies produced in
the liver during the oxidation of long-chain fatty acids can replace glucose in the brain and
thus ensure the maintenance of normal content of sugar in the blood. In addition, the ketone

bodies prevent the breakdown of muscle protein for the purpose of gluconeogenesis [6].

The mechanism of transport of fatty acids from cytoplasm to mitochondria where they are

oxidized and the components that are essential for the transport are described below:

1.1 Long chain fatty acid transport system

A long-chain acyl fatty acid derivative ester of carnitine facilitates the transfer of long-chain

fatty acids from cytoplasm into mitochondria during the oxidation of fatty acids [7]. This

Carnitine Palmitoyltransferase (CPT) is present in two subforms, CPT I and CPT II that are

localized in mitochondria [8,9]. CPT I is transmembrane protein that is located at the outer

mitochondrial membrane [10]. There are three tissue specific isoforms of CPT I:

(1) The liver and fibroblast specific isoform (CPT IA or LCPT 1) is encoded at
chromosome 11q13.1 [9,11]. This protein has 773 amino acids and is about 88 kDa.
LCPT I is synthesized in liver, kidneys, lungs, spleen, intestine, ovaries, lymphocytes,
fibroblasts and brain [12—14].

(i1) The second isoform is found in skeletal and cardiac muscles (CPT I B or M CPT I) on
chromosome 22q13.31 [9,13]. This isoform constitutes of 772 amino acids and the
protein is also about 88 kDa. It is predominantly present in the skeletal muscles, heart,
adipose tissues and testicles [15]. The L and M isoforms are 63 % identical but they
still show varied kinetic properties [14,16].

(iii))  The third and common brain isoform is encoded by gene on chromosome 19q13.33
[17]. The gene encoding this isoform was identified in 2002 [17]. It constitutes of 803
amino acids and the protein is about 91 kDa. This form is predominantly present in
brain and in lesser amount in testicles, ovaries and intestine [14].

On the other hand, CPT II is encoded on chromosome 1p32.3 and is localized on the inner

mitochondrial membrane [18-20]. CPT II has only one isoform. The cDNA of CPT II was
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first isolated from rat muscles in 1990 [19] followed by isolation of cDNA in humans 1 year
later [21]. The human CPT2 gene is about 20 kb long and consists of 5 exons [19]. However,
coding of more than half of the translating sequence of the gene is in exon 4 [20].

Apart from CPT I and CPT II, Carnitin/Acylcarnitin-Translokase (CACT) also takes part in
transport of the long-chain fatty acids across the inner mitochondrial membrane into the
mitochondrial matrix for B-oxidation [22,23]. CACT catalyzes the one to one exchange of
acyl L-carnitine with L-carnitine and a much slower, unidirectional transport of L-carnitine.
This leads to equilibrium of the L-carnitine concentration via the inner mitochondrial
membrane [24-27]. CACT is encoded on chromosome 3p21.31. The CACT coding gene has
301 amino acids and the protein is 32.9 kDa [28].

These three components [Carnitine palmitoyltransferases (CPT I and CPT II), Carnitin-
Acylcarnitin-Translocase] are the integral part of the transport system for esterification of

fatty acids through the mitochondrial membrane (Figure 1).

OMM IMM
carnitine carnitine
acyl-CoA acyl-CoA
B-Oxidation
CPT I CPT Il
CoASH

CoASH

acyl-carnitine acyl-carnitine

Figure 1: Transport system for esterification of fatty acids through mitochondrial
membranes. (CoASH: free CoEnzyme A. CPT I catalyzes the reaction where long chain
Acyl- CoA with Carnitine are converted to long chain Acyl- Carnitine und Coenzym
A.The resulting Acyl- Carnitin is transported to the mitochondrial matrix through
Carnitine-Acylcarnitine-Translokase. The CPT Il on inner mitochondrial membrane
transfers the acyl residue of the acyl-carnitine into to coenzyme. Acyl-CoA and
carnitine are formed.)



Carnitin-palmitoyltransferase I at the outer mitochondrial membrane catalyzes the first
transport step. At this step, long-chain acyl-CoA together with carnitine is converted into
long-chain acyl carnitine and coenzyme A. This catalysis step is rate-limiting for all
subsequent reactions including B-oxidation [29]. One of the end products of this reaction, acyl
carnitine, can now be transported through the inner mitochondrial membrane by means of the
carnitine acylcarnitine translocase. The remaining acyl of the acyl carnitine is transferred back
to coenzyme A on the inner mitochondrial membrane by carnitine palmitoyltransferase II.
This results in production of acyl-CoA and carnitine. The carnitine released in this way
returns through the carnitine-acylcarnitine translocase back into the intermembrane space of
the mitochondrion and is available for the re-transport of fatty acids [24-27]. A disorder of
the carnitine palmitoyltransferase system may affect both CPT 1 and CPT II enzyme
production. Both of the resulting diseases follow autosomal recessive mode of inheritance.

Figure 1 depicts the schematic representation of transport system for esterification of fatty

acids through mitochondrial membranes.

1.2 Carnitine palmitoyltransferase II (CPT II) deficiency

Carnitine palmitoyltransferase II (CPT II) deficiency is the most common inherited disorder
of long-chain fatty acid oxidation affecting skeletal muscle [30-32]. During prolonged
exercise, fasting, exposure to cold, fever, emotional stress, drugs, and other strenuous
conditions production of extra energy demand is met by oxidation of fatty acids. In these
conditions, long-chain fatty acids are the main source of energy substrate of muscle. However
long-chain fatty acids do not readily diffuse across the mitochondrial membrane and hence
require trans-esterification to acylcarnitine. As discussed above, formation of acylcarnitine
from carnitine and long-chain fatty acyl-CoA is catalyzed by CPT I at the outer mitochondrial
membrane and then crosses the inner mitochondrial membrane. At the inner side of inner
mitochondrial membrane formation of acyl-CoA is catalysed by CPT II. Acyl-CoA is then

available for B-oxidation [33].

1.2.1 Phenotypes of CPT II deficiency

There are three phenotypes of CPT II deficiency:
(1) Lethal neonatal form presenting with hypoketotic hypoglycaemia and severe

hepatomuscular symptoms [34-37]. The lethal neonatal form is characterized by



reduced CPT II enzyme activity in multiple organs, reduced serum concentrations of
total and free carnitine, and increased serum concentrations of long-chain
acylcarnitines and lipids. The patients are reported to have liver failure, hypoketotic
hypoglycemia, cardiomyopathy, respiratory distress, and/or cardiac arrhythmias.
Affected individuals have liver calcifications and cystic dysplastic kidneys [34,35].
An analysis of 19 patients with neonatal form of CPT II deficiency illustrated
polycystic kidneys (n=9), hydrocephalus (n=8), cerebellar vermian hypoplasia (n=5),
polymycrogyria (n=4), pachygyria (n=4), cerebral -calcifications (n=3), cystic
dysplasia of the brain (n=2) and agenesis of the corpus callosus (n=1) [37]. So far,
about 20 families with the lethal neonatal form [37—41] have been described. CPT II
deficiency or other fatty acid oxidation disorders are mostly undetectable during
pregnancies due to severe cerebral malformations of the foetus. Hence prevalence of
this form seems to be higher than previously suspected.

(ii) Severe infantile hepatocardiomuscular form that is characterized by hypoketotic
hypoglycemia, liver failure, cardiomyopathy, and peripheral myopathy [34,42—44].
The main cause of death in this form during infancy could be cardiac arrhythmia
[34,45]. Apart from cardiac arrhythmia, hepatomegaly [44] and Dandy-Walker
malformation could also turn out to be fatal [43]. Some 30 families with this form of
CPT II deficiency are described, so far [34,42-45].

(i)  The classical myopathic form is rather mild and it is clinically characterized by
recurrent episodes of muscle pain, muscle weakness, and rhabdomyolysis triggered
by prolonged exercise [32,46—49]. Affected individuals are generally asymptomatic
with no muscle weakness between attacks. Some individuals have only a few severe
attacks and are asymptomatic most of their lives, whereas others have frequent
myalgia, even after moderate exercise, such that daily activities are impaired and
disease may worsen. End-stage renal disease caused by interstitial nephritis with

acute tubular necrosis requiring dialysis occasionally occurs [50].

1.2.2 Myopathic form of CPT II deficiency

Myopathic form can manifest from infancy to adulthood (OMIM 600650). Although it is
sometimes also termed as ‘adult form’ [8,11,13], cases with early childhood manifestation

have also been reported [38,52-56]. Similarly, adult patients with severe



hepatocardiomuscular infantile form of CPT II deficiency are also sporadically reported

[39,57].

Clinical presentations: In myopathic CPT II deficient patients, onset of the disease is seen
generally in childhood or early adulthood [58]. Single or multiple attacks of severe myalgia
(often with myoglobinuria) or frequent exercise-induced myalgia are more common
symptoms in CPT II-deficient patients [30,47,54,55,58]. Frequent exercise-induced myalgia
is characteristic for Myoglobinuria and is also known to be the clinical hallmark of muscle
CPT II deficiency [30,32]. Severity of the attacks can be highly variable, and life-threatening
rhabdomyolysis that required dialysis is not frequent in CPT II deficient patients [30,32,58].
The most important trigger factor for attacks is reported to be exercise [30,47,54,55,58].

Usually no signs of myopathy (weakness, myalgia, elevation of serum creatine kinase [CK]
concentration) are seen between attacks. Even during the attacks, the severity of pain is highly
variable and some of these attacks may be complicated by acute renal failure. Top¢u and co-
workers have recently reported a case of a 13-year-old girl with recurrent rhabdomyolysis due
to CPT II deficiency whose last attack was complicated by acute renal failure. The patient had
homozygous p.Serl13Leu mutation. CK values monitored during before and after the attacks

were drastically different (Figure 2).

107290

41780

42670

> 54

Figure 2: Creatine kinase (CK) values in a CPT II deficient patient monitored before,
during and after attacks. The numbers denote level of CK in U/L (Figure adapted from
Topgu, et al.; 2018 [59])



The three high peaks in figure 2 are excessively increased CK level during attacks. The last
attack (CK: 107290 U/1) was complicated by acute renal failure. Apart from periods during
attack, CK levels were normal in this patient. The patient did not have permanent weakness
[59]. However, sporadically single cases with permanent weakness are also reported [30,60].
This is in contrast to another common metabolic myopathy, McArdle glycogenosis, which is
also associated with exercise-induced myoglobinuria. In McArdle diseases, fixed weakness is
more frequent. In a study we conducted with McArdle patients, permanent weakness was
reported in one third patients [61]. This was in line with the findings of Martin and co-
workers who reported permanent weakness in about one fourth patients [62]. In general, the
creatine kinase levels in between the attacks in CPT II deficient patients are within the
reference range (< 80 U/L) [20]. However permanent elevation of serum CK concentration
(< 313 U/L) is observed in approximately 10% of affected individuals [63]. Interestingly,
more than three fourth of the CPT II deficient patients reported so far are males. This shows a

clear male predominance in CPT II deficiency [32,58,61,62,64].

Pathobiochemical characteristics: In CPT II deficiency, acylcarnitine can be transported
across the inner mitochondrial membrane, but conversion into acyl-CoA is insufficient. The
result is an accumulation of acylcarnitine in the plasma, which is also used for diagnostic
purposes. Long-chain fatty acids are the main source of energy for the human muscle during
exercise. The severity of the diseases (whether severe neonatal, infantile or a mild adult form)
depends on the underlying mutation. The ubiquitous presence of CPT II- explains
multisystemic organ involvement in neonatal and infantile disease.

High-performance liquid chromatography tandem mass spectrometry of dried blood spots (i.e,
the acylcarnitine profile) demonstrates an elevation of C12 to C18 acylcarnitines, notably of
C16 and CI18:1 in CPT II deficiency. Following table compares the Acylcarnitine
characteristics for long chain fatty acid oxidation disorders (IcFAOD) (Table 1).



Table 1: Acylcarnitine characteristics for IcFAODs (Table adapted from Knottnerus, et al.
2018 /65])

Deficient enzyme Acylcarnitine profile changes Primary marker References
(NBS)

Carnitine transporter Co| Co| [66]
(CTD)

CPT1 C01,C2], acylcarnitine | Co/(C16 +C18)1 [67,68]
CACT Clet, C181, C18:11, C18:21 (Cl16+C18:1)/C21 [69]
CPT1I C161, C181, C18:11, C18:21 (C16 + C18:1)/C27 [70]
Very long-chain acyl-CoA  C121, C141, Cl14:11, C161, Cl14:1/C21 [67,71]
dehydrogenase (VLCAD) C181

Mitochondrial trifunctional C180OH?t, C160H?, C167, C160HT, C18OHT [72]

protein (MTP) C140H?

However, CPT II deficiency cannot be excluded based solely on acylcarnitine quantification
in dried blood spots alone and investigation of plasma is recommended for reliable diagnosis
[73]. In our experience there are numerous false negative results based on dried blood
analysis.

As discussed, CPT II deficiency is the disorders of lipid metabolism affecting muscle
involving B-oxidation. The pathological hallmark of some of these diseases is an increased
neutral lipid content, which may be observed on muscle biopsies specimen with the specific
staining of Sudan black or oil red O techniques by optic microscopy. In a normal muscle, lipid
content takes the aspect of small droplets which concentration and size are usually higher in
type 1 fibres than in type 2 fibres [74].

Comparison of contents of muscle lipid droplets in different forms of lipidosis is illustrated in
table 2.

A recent MRI study on long chain fatty acid (IcFAO) disorder patients has shown association
of specific patterns of increased T1W and STIR signal intensity in IcFAO patients. These
patterns reflect lipid accumulation and inflammation secondary to IcFAO defects and
progressive muscle damage. T1W and STIR signal intensities were less prominent in muscle
MRIs of CPT II deficient patients. However, the significance of MRI investigation in CPT II
deficiency is still unclear. Future studies are needed to investigate whether muscle MRI might
be a useful tool to monitor the disease course and to study pathogenesis of CPT II deficiency

and of other IcFAO related myopathies [75].



Table 2: Clinical and biological features of metabolic disorders with muscle lipidosis
(Table modified from Laforet and Vianey-Saban [74]).

Disorder Main neuromuscular Increasein  Gene
symptoms muscle lipid
droplets
Primary carnitine deficiency Proximal muscle weakness, +++ SLC22A5
cardiomyopathy
Neutral lipid storage disease Proximal or distal muscle +++ ABHDS5
(NLSD) weakness, cardiomyopathy PNPLA2
Multiple acyl-CoA dehydrogenase Proximal and axial weakness — ++ to +++ ETFDH
(MAD) deficiency Rhabdomyolysis (rarely)
CPT II deficiency Rhabdomyolysis episodes 0to+ CPT2
Very-long-chain acyl-CoA Rhabdomyolysis episodes 0to + ACADVL
dehydrogenase (VLCAD) Cardiomyopathy
deficiency
Mitochondrial trifunctional protein Rhabdomyolysis episodes 0to+ HADHA
(MTP) deficiency Cardiomyopathy HADHB
Axonal peripheral neuropathy
Phosphatidic acid phosphatase Rhabdomyolysis episodes 0to + LPINI

deficiency

In CPT II deficiency, normal or very slightly increased content of lipid is seen in biopsy
sections under microscope. This is similar in some other lipid metabolism disorders such as,
very-long-chain acyl-CoA dehydrogenase (VLCAD) deficiency, mitochondrial trifunctional
protein (MTP) deficiency and phosphatidic acid phosphatase deficiency. Table 2 compares

the contents of neutral lipid that is found in different metabolic disorders with muscle

lipidosis.

Additionally, the histological examination of the muscle biopsy sections of CPT II deficient
patients seldom shows accumulation of lipid droplets in Sudan staining. The comparison of

Sudan staining of muscle biopsy sections of CPT II deficient patient and patient with primary

carnitine deficiency is illustrated in the following figure (Figure 3).



Figure 3: Sudan staining of muscle biopsy sections of (a) CPT II deficient patient
compound heterozygous for p.Serll3Leu/p.Argl51GIn mutations and (b) primary
carnitine deficient patient.

As depicted by figure 3, there is no or very less lipid accumulation in muscles of CPT II
deficient patient (figure 3 a) in comparison to excessively accumulated lipid droplets in
carnitine deficient patients (figure 3b). Figure 3a shows the Sudan staining of muscle biopsy
section of a 35-years old female CPT II deficient patient compound heterozygous for
p-Serl13Leu/p.Argl51GIn mutations. The patient suffered from at least 50 attacks per year
and the residual CPT II activities upon malonyl CoA and Triton X were severely reduced. In
between the attacks, the patient did not experience severe physical disability. This shows that
the symptoms in CPT II deficiency are also only intermittent in comparison to other lipid
accumulation deficiencies such as carnitine deficiency or neutral lipid storage disease [74,76].
Hence, the normal protein content and enzyme activity seem to allow a normal function of the

CPT system in situations without stress on fatty acid metabolism.

Immunohistochemistry: Immunohistological analysis of muscle sections of CPT II deficient
patients using CPT II rabbit polyclonal antibody have demonstrated CPT II in similar
intensity as in controls (Figure 4). The immunoreactivity identified by MHC-slow staining

was expressed predominantly in type I fibers [77].



Lo s R

Figure 4: Immunohistochemical staining of CPT II (a) control muscle section and (b)
muscle section of CPT II deficient patient (figure adapted and modified from Lehmann &
Zierz; 2014 [77])

Molecular genetic aspects: In patients with the myopathic form of CPT II deficiency, a
common p.Serl13Leu mutation (Figure 5) is identified in about 70% of mutant alleles
[32,47,48,55]. This missense mutation is located in exon 3 of the CP72 gene and results in
exchange of amino acid serine at position 113 to leucine. The phenotypes of this mutation are
generally mild. This mutation is exclusively associated with muscle form of CPT II
deficiency.

T ARCHET T TCEIG G
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Exon 3

Figure 5: Sequencing electropherogram showing the ‘common’ p.Serl13Leu mutation in
heterozygote state in exon 3 of CPT2 gene

Furthermore, several other rare disease causing mutations that are associated with muscle
form of CPT II deficiency have been reported [32,78]. The complete list of mutations
identified in CPT2 gene is included in Appendix 1. The biochemical consequences of these
mutations are still controversial [79]. Hypotheses include lack of enzymatically active protein,

partial enzyme deficiency and abnormally regulated enzyme [80]. In previous studies, CPT
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activities in muscles of patients with CPT II deficiency are reported to be undetectable

[46,81,82], reduced [83—87] or normal [88].
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Figure 6: Thermal inactivation of His6-N-hCPT2 (open symbols) and His6-N-
hCPT2/Ser113Leu (closed symbols) at 30 and 40 °C. Black squares show thermal
inactivation at 30 °C, red circles represent values at 40 °C. The data is presented as time-
dependent changes of natural-log-transformed relative activities. (Figure adapted from
Lehmann et al.; 2016 [79])

A recent study conducted in our laboratory revealed the phenomenon of impaired kinetic
stability of human CPT II by p.Ser113Leu mutation at increased temperatures (Figure 6) [80].
This was consistent with the lower heat resistance of the mutated enzyme in cultured
fibroblasts [89]. The biochemical consequences of other CPT II mutations in our laboratory

are still under investigation.

1.3 FGF-21 Activity in CPT II deficiency

FGF-21 (Fibroblast growth factor 21) has been established as a biomarker for diagnosis of
mitochondrial diseases [90-96]. Suomalainen and coworkers have for the first time reportrd
excessively increased concentration of FGF-21 in serum of patients with mitochondrial

disorders (Figure 7) [92].
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Figure 7: FGF-21 concentrations in serum in patients with mitochondrial disorders and
healthy controls (Figure adapted from Suomalainen, et al., 2011 /92])

FGF-21 level in humans with CPT II deficiency is not known of yet. However, studies on
high fat-fed mice with a liver-specific knockout of CPT II (Cpt2L—/—) showed increased
serum FGF-21 levels. This reflected an adopting role of hepatokinase in response to a loss of
mitochondrial fatty acid oxidation [97,98]. Another group of mice with an adipose-specific
knockout of CPT II (CPT2A—/-) [99], showed an increased expression of mRNA of FGF-21
in brown adipose tissue (BAT) following cold exposure [100]. Based on these observations,
FGF-21 measurement in human subjects would show us whether the level of FGF-21 is also

increased in them during attack free condition.
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2. Aims of the study

There is a wide spectrum of symptoms in muscle CPT II deficiency. In general, different

triggering factors and varied muscles involvement associated with CPT II deficiency are

reported. In addition, CPT II deficiency presents with diverse biochemical and molecular

genetic features. However, there are only few systematic studies on a considerable number of

CPT II deficient patients (>20 patient) that have characterized the clinical, biochemical and

molecular aspects of this disorder. A genotype-phenotype correlation based on diverse

clinical, biochemical and molecular genetic aspects has not been established in CPT II

deficiency. Present study addresses following aspects of CPT II deficiency:

1.

A systematic clinical characterization of CPT II deficient patients from the clinical data
stored in the department of Neurology since 1994.

A retrospective survey based on questionnaires in patients that are available for personal
interview. This will enable us to compare the clinical data of the patients taken directly
from their history files from our archive and the clinical data of the patients collected
through questionnaires. Apart from that, the questionnaire survey will address the issues
such as affected muscle locations, intensity of pain during different attacks of symptoms,
pain mitigating methods implied by patients, living standard of the patients and diagnosis
timeline.

Measurement and interpretation of total and residual CPT II enzyme activities in muscle
biopsies of patients with the muscle phenotype of muscle CPT II deficiency.

Molecular genetic analysis of the patients based on sequencing of complete CPT2 gene.
Measurement of activities of mitochondrial biomarker FGF-21 in muscle CPT II deficient
patients. This would identify the suitability of FGF-21 as possible diagnostic tool in CPT
II deficiency.

Establishing a possible genotype-phenotype correlation in CPT II deficiency.

Comparison of clinical data of CPT II deficient patients with that of glycogen metabolic
myopathies to identify similarities and differences between glycogen metabolic

myopathies and long-chain fatty acid metabolic myopathy.
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3. Patients

Clinical, biochemical and molecular genetic data in a cohort of 59 patients (49 index cases)
with muscle form of CPT II deficiency are analyzed. The patient data were retrospectively
analyzed from the patient files in our department where clinical data of patients since 1994 are
archived. The analyzed data include that of patients who personally reported to our
neuromuscular out-patient-department (OPD) or the clinical data shared by referring
clinicians from external hospitals. Thirty six patients were males and 23 were females. The
mean age of patients was 28 years (range: 1-60 years, Median 25.5 years). CPT II activity was
measured in muscle biopsies of 42 patients (38 index cases) (Table 3). Biopsies of other 17
patients were not available for biochemical investigation. Diagnosis was directly based on
clinical and molecular genetic findings.

Apart from that, 13 patients from this cohort were available for direct interview that accessed
their clinical characteristics by means of questionnaire survey. Additionally, mitochondrial
biomarker FGF-21 level also measured in serums of these 13 patients and compared with 20

normal controls.

Table 3: Gender and age distribution of CPT II deficient patients included in the study

Gender Age (yrs.) Biopsy available

Mean (median, Range) (m)

Male (n=36)  30.1 (36.5, 4-57) 27
Female (n=23) 24.6 (21, 1-60) 15
Total (n=59) 28 (25.5, 1-60) 2

In the second part of the study, the clinical data of the patients were compared with that of
patients with glycogen metabolism diseases, viz. McArdle [(Glycogen storage disease Type
V, GSDV), n=40] and Morbus Pompe [(Glycogen storage disease type II, GSDII), n=18].
This would enable us to identify the clinical similarities and differences in patients with long-

chain fatty acid metabolism and glycogen metabolism diseases.
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4. Methods

Clinical biochemical and molecular genetic analysis of all patients in the cohort was
performed. Additionally, mitochondrial biomarker, FGF-21, was measured in serum of
patients and compared with that of normal controls. Clinical data of CPT II deficient patients
were also compared with data of McArdle and late onset Morbus Pompe patients. Methodical

details of the analyses are given below.

4.1 Clinical characterization

The clinical data of patients was collected retrospectively through clinical reports of all
patients stored in our archive. The patients included the ones who personally presented
themselves in our department and the ones whose clinical reports were sent to us by referring
clinicians. Additionally, 13 patients in our cohort were available for personal interview. For
this interview, a questionnaire was designed for assessment of clinical aspects (symptoms,
triggering factors, affected muscles, diagnosis timeline and modes of disability mitigation) of
CPT II deficiency and subsequent living standard of patients. All participating patients were
asked to fill in the questionnaire personally aided by an unbiased experienced clinician at our
department.

The data of questionnaires were systematically collected and analyzed using Sigmaplot. A
priori statistical power calculation was not conducted due to limited number of patients
available for the study. Data are presented as [Mean (+ SD), Median, 95% confidence interval
(CD)] wherever applicable. The P values for identifying possible correlation between age at
onset, body mass index (BMI) and intensity of pain during normal attack were calculated by

regression analysis. Level of significance was set to P < 0.05.

4.2 Biochemical analysis of CPT II in muscle

Muscle biopsies of the patients were frozen immediately using liquid nitrogen. The biopsies
were stored further in liquid nitrogen for subsequent analysis. Total CPT activity in muscle
homogenate was measured biochemically using the isotope forward assay under optimal
conditions and in the presence of malonyl-CoA (0.2 mM) and Triton X (0.4 %) as described
previously [101]. In this assay, CPT II enzyme activity is measured as the fraction that is not

inhibited by malonyl-CoA and Triton X.
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Enzyme Assays: The enzyme assays and subsequent measurements were done according to
Zierz and Engel, 1985 [101]. Frozen muscle tissues were homogenized with 19 vol. of a
solution containing SO0mM Tris Buffer (pH 7.6), 100 mM KCL, 5 mM MgSO,4, 1 mM EDTA
and 1 mM ATP. The isotope exchange and forward assays were used to measure CPT activity

in the homogenates.

Isotope exchange assay: The standard reaction system contained 0.1 M Tris buffer (pH 7.6),
2 mM KCN, 0.1% fatty-acid-free BSA, 1 mM dithiothreitol, 0.5 mM DL-Palmitoylcarnitine,
0.2mM COASH, 0.1 ml of a 5% muscle homogenate and 5 mM DL-carnitine in a final
volume of 1.0 ml. The reaction was started by the addition of labelled carnitine and continued
for 20 minutes at 37°C. The reaction was stopped and the reaction product
[14C]palmit0ylcarnitine was extracted using isobutanol and ammonium sulphate saturated
water and 0.5 ml of the organic phase was assayed for radioactivity in a liquid scintillation

counter.

Isotope forward assays: The reaction mixture was identical to that in thje isotope exchange
assay except that 0.08 mM palmitoyl-CoA was present instead of palmitoylcarnitine and no
CoASH was added. The reaction was started with 0.01 ml of a 5% muscle homogenate and
incubated for 20 minutes at 30°C. The reaction was stopped and the product
['*C]palmitoylcarnitine was extracted by the same method as in the isotope exchange assay.
The K; values for malonyl-CoA in the forward assay was determined by the graphical method
using malonyl-CoA concebtrations from 0.05 uM to 1.5 uM in the presence of 0.02 mM, 0.03
mM and 0.08 mM Palmitoyl CoA.

4.3 Molecular genetic analysis

Genomic DNA was extracted from the muscle or blood of all patients using standard protocol.
With the help of previously described PCR-RFLP methods [102,103], screening of the
mutations p.Serl13Leu, p.ProSOHis and c.1238delAG was performed in all the patients.
Direct sequencing of the coding regions of the CPT2 gene including exon—intron boundaries
was performed in patients who were heterozygous for one of these three mutations or were
negative for these three mutations. Sequencing was done by amplifying the coding region of
the CPT2 gene with six matching primer pairs, as previously described [104]. The exact

positions of the primers are listed in table 4.

16



Table 4: List of primers used to amplify CPT2 gene.

Exons Forward Primer Reverse primer

1 nt 39 to 63 nt 76 to 52 (intron 1)
2 nt -65 to -38 (intron 1) nt 46 to 23 (intron 2)
3 nt -49 to -27 (intron 2) nt 33 to 6 (intron 3)
4a nt -47 to -21 (intron 3) nt 1178 to 1152

4b nt 1122 to 1144 nt 73 to 48 (intron 4)
5 nt -56 to -32 (intron 4) nt 2115 to 2091

Nucleotide positions for exonic primers according to cDNA sequence published by
Finocchiaro et al.[21]. Due to large size of exon 4, amplification of this exon was done in two
parts by designing two sets of overlapping primers.

For amplification of the DNA, PCR amplification protocol and reagents were used from
Qiagen GmbH (Hilden, Germany). Annealing temperatures for the primers were calculated by
using Wallace-rule [105,106] and the exact temperatures were determined by performing
multiple gradient PCRs.

The amplified product was separated on 2% agarose gel under 120V. For detection of
p-Serl13Leu and p.Pro50His mutations, restriction fragment length polymorphism (RFLP)
was performed by digesting the amplified product with restriction enzymes BST XI and Ade
(both from Fermentas GmbH, Germany), respectively. For the patients that were negative for
these two mutations, sequencing of the amplified DNA (whole gene: 5 exons) was done using
capillary sequencer and fluorescent labelled dNTPs. The sequencing chromatograms were
analyzed by using sequence analysis program Chromas version 2.5.1 (Technelysium GmbH,
Austria).

For cDNA analysis in one patient with novel mutation, total RNA was extracted from the
blood of the patient using a PAXgene RNA extraction kit (Qiagen GmbH, Germany). The
cDNA was obtained by reverse transcriptase polymerase chain reaction (RT-PCR; Qiagen
GmbH, Germany) using the following set of primers that amplified a part of exon 1, whole
exons 2 and 3 and a part of exon 4 resulting in an amplified product of 502 bp (forward
primer: 5’caccatgcactaccaggaca3’ and reverse primer: 3 ’attgaccaggtaggccccatas’). The cDNA
thus obtained was separated on a 2 % agarose gel. DNA was retained from individual upper
and lower DNA bands using a gel extraction kit (Qiagen GmbH, Germany) and sequenced

using the same set of forward and reverse primers used for RT-PCR.
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4.4 FGF-21 mitochondrial biomarker analysis

In 13 patients whose serum was available, FGF-21 serum concentration was measured in
duplicate samples by ELISA (BioVendor, Brno, Czech Republic) according to the
manufacturer’s instructions. The absolute concentration of FGF-21 in all samples was
determined according to a linear standard curve. The samples from patients were obtained
during attack-free intervals and were stored at -80 °C until analysis. Undetectable level was
set at 0 pg/mL. The FGF-21 concentrations of the patients were compared with that of 50
healthy individuals.

Test principle: In the BioVendor Human FGF-21 ELISA, the standards, quality controls and
samples are incubated in microtitrate wells pre-coated with polyclonal anti-human FGF-21
antibody. After 60 min incubation and a washing, biotin-labelled polyclonal anti-human FGF-
21 antibody is added and incubated with captured FGF-21 for 60 min. After another washing,
the streptavidin-HRP conjugate is added. After 30 min incubation and the last washing step,
the remaining conjugate is allowed to react with the substrate solution (TMB). The reaction is
stopped by addition of acidic solution, and absorbance of the resulting yellow product is
measured. The absorbance is proportional to the concentration of FGF-21. A standard curve is
constructed by plotting absorbance values against concentrations of standards, and

concentrations of unknown samples are determined using this standard curve.

4.5 Comparison of clinical data of CPT II deficient patients with that of McArdle
and late onset M. Pompe patients

The clinical data of the patients in this study were systematically compared with already
published clinical data of patients with McArdle [61,107] and late onset Morbus Pompe
[108]. The compared data included, gender frequency, age of onset and presence/absence of
permanent weakness.

The clinical data of patients in all three groups (CPT II, McArdle, M. Pompe) were collected
from the archive and then analyzed using Sigmaplot. A priori statistical power calculation was
not conducted due to limited number of patients available for the comparison. Data are
presented as [Mean (x SD), Median] wherever applicable. The P values for identifying
possible correlation between different entities were calculated by regression analysis. Level of

significance was set to P < 0.05.
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5. Results

The results obtained by performing aforementioned analyses described in methods section are
listed below. The subsections are separated based on clinical, biochemical and molecular

genetic analyses.

5.1 Phenotypes of attacks and triggering factors

The majority of the patients (61%) had an early childhood onset compared to later adolescent
or adulthood onsets. Only 3 patients (5%) in our cohort reported first attack in early third
decade of life. About one third patients (34%) reported first symptoms in adolescence (13-22
years). Table 5 illustrates the frequencies of ages of onset in our patients compared to the
results of other studies with considerable number of patients. A combined total of 94 patients

were analyzed on these 5 compared studies.

Table 5: Ages of onset of patients with CPT II deficiency

Onset p-Serl13Leu p.Serl13Leu Other Total Metaanalysis of p (total vs.
Homozygotes Heterozygotes Mutations (n=59) other studies other studies)
(n=32) (n=24) (n=3) [30,47,54,55,58]
(n=94)
Childhood 23 (72%) 11 (46%) 2 (67%) 36 (61%) 39 (41%) n.s
Adolescence 8 (25%) 11 (46%) 1 (33%) 20((34%) 33((35%) n.s
Adult 1 (3%) 2 (8%) 0(0%) 3(5%) 22 (23%) 0.01

Childhood: 0—12 years, adolescence: 13-22 years, adult: >22 years, p: two tailed probability
coefficient (chi-square test).

In addition, attacks of myalgia were reported in almost all the patients followed by
myoglobinuria (86%) and muscle weakness (76%). Exercise was found to be the most
common triggering factors in almost all the patients followed by infection (62%). Other
triggering factors like fasting and cold were seen in lesser number of patients. Detailed
clinical data of the patients is listed in table 6. The results of our study are compared with
combined outcomes of other studies. The external studies considered for comparison of our

data are same as in table 5.
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Table 6: Phenotypes of attacks and triggering factors.

Phenotypes p-Serl13Leu  p.Serl13Leu  Total * Other studies p (total vs. other
Homozygotes Heterozygotes (n=56) [30,47,54,55,58] studies)
(n=32) (n=24)

Attacks with

Myalgia 31 (97%) 21 (87%) 52 (93%) 22/46 (48%) <0.001

Myoglobinuria 24 (75%) 21 (87%) 45 (80%) 92/99 (93%) n.s.

Weakness 23 (72%) 21 (87%) 44 (79%) 17/46 (37%) <0.001

Renal failure 8 (25%) 4 (17%) 12 (21%) 15/85 (18%) n.s.

Triggering factors

Exercise 30 (94%) 23 (96%) 53 (95%) 55/63 (87 %) n.s.

Infection 21 (66%) 14 (58%) 35(62%) 17/63 (11%) <0.001

Fasting 21 (66%) 12 (50%) 33(89%) 26/63 (41%) n.s.

Cold 5 (16%) 6 (40%) 11 (20%) 5/63 (8%) 0.01

“Total number represents the number of all patients analyzed including two symptomatic
heterozygous p.Serl13Leu carriers and two patients harboring mutations other than the
p.Serl13Leu on both alleles. Three patients with other than p.Serll3Leu mutation on both
alleles were excluded in the analysis.

5.2 Clinical characterization based on Questionnaire survey:

Frequencies of myalgia and rhabdomyolysis obtained by the questionnaires in the sub group

of 13 patients that were available for personal interview are in line with the clinical history

directly taken in our collective (Joshi et al.; J Neurol Sci 2018, submitted). Attacks of myalgia

(13/13 patients), weakness (13/13) and rhabdomyolysis (10/13 patients) were most frequently

reported. The number of attacks ranged from 1-85/year. Common triggers were exercise

(13/13), fasting (13/13), cold (12/13) and infections (12/13). 2/13 patients required dialysis.

Mean intensity of pain in visual analogue scale (VAS) during regular attack was 4.77 (+£1.36).

Increased number of attacks were positively correlated with higher BMI (P=0.05). Body rest,

carbohydrate-rich nutrients and fluid-supplement mitigated the pain. After the first attack

[Mean: 9.7 (+4.46) years], diagnosis took an average of 26.7 (x 13.06) years. Clinical,

molecular and epidemiological data of these patients are listed in table 7.
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5.2.1 Frequency and duration of attacks

All patients experienced multiple attacks of myalgia and muscle weakness. The age at first
attack ranged from 4 to 18 years [Mean: 9.7 (4.46), Median: 9.0, 95% CI: 7.00 to 12.39].
The frequency of attacks per year for the immediate previous year ranged from 1 to 85 attacks
[Mean: 13.85 (£25.12), Median: 5, 95% CI: 0 to 29.02]. Ten patients (77%) experienced at
least one episode of rhabdomyolysis. However, dialysis was required in only 2 patients
(15%).

Myalgia and muscle weakness (and sometimes other symptoms) were persistent for less than
just 1 hour in only 1 (8%) patient. In another patient the symptoms were persistent for less
than 1 hour only after intake of carbohydrate supplement immediately after the attacks. In 4
(31%) patients the symptoms were persistent for 1 to 3 days. In 8 (62%) patients, the

symptoms lasted for up to one week after the attack.

5.2.2 Characteristics of attacks

Eight patients (62%) had fatigue/heaviness, 7 patients (54%) had feeling of muscle
stiffness/rigidity and 4 patients (31%) complained of muscle soreness. Only 3 patients (23%)

reported of cramps. Frequencies of phenotypes of attacks are elucidated in Figure 8.
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Figure 8: Frequencies of phenotypes of attacks (in all patients more than one symptoms
and triggering factors were reported).
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5.2.3 Severity of attacks

Mean intensity of pain during regular attacks in visual analogue scale (VAS) (0: no pain at all,
10: severe unbearable pain) was 4.77 (+1.36) [Median: 4.0, 95% CI: 3.95 to 5.59]. The mean
intensity during weakest attack was 2.31 (x0.85) [Median: 2.0, 95% CI: 1.79 to 2.82] and
during most severe attack was 8.77 (£1.30) [Median: 9.0, 95% CI: 7.98 to 9.56].

The severity of attacks have decreased in 5 patients (38%) and remained unchanged in 5
patients (38%). Other 3 patients (23%) reported increase in severity with time. The attacks
have forced 11 patients (85%) unable to work at least few times. However, only 3 patients

(23%) were forced to change their profession permanently.

5.2.4 Triggering factors

Exercise and fasting for prolonged periods were triggering factors for attacks in all patients. In
7 patients (54%), the attacks were triggered by an exercise lasting for 15 minutes to 1 hour. In
3 patients (23%), the attacks were initiated by an exercise of 1 to 4 hours, in 2 patients (15%)
exercise for 15 minutes and in 1 patient (8%) exercise for a whole. In 12 (92%) patients, the
attacks of symptoms seemed to take place immediately during the physical activity that would
trigger the attacks. Only in 1 (8%) patient, the attacks would take place after a few hours of
the physical activity. In all patients, the attacks were avoidable and/or were less pronounced
by intake of sugar and/or carbohydrate supplement (glucose, banana, rice, noodles, etc.).

Exposure to cold [12 patients (92%)] and infections [12 patients (92%)] were also triggering
factors in the majority of patients. Low fluid intake [7 patients (54%)], psychological stress [6
patients (46%)], consumption of different medicines including pain killers [3 patients (23%)],
lack of sleep [2 patients (15%)] and intake of fatty foods [1 patient (8%)] were also reported

to be triggering factor. The frequencies of triggering factors are illustrated in Figure 9.
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Figure 9: Frequencies of different triggering factors (in all patients more than one
symptoms and triggering factors were reported).

Regression analysis showed a significant correlation between frequencies of attacks and
increasing BMI (P=0.05, R?=0.30) (Figure 10). However, intensity of pain was not
significantly correlated with BMI. Furthermore, age of onset was also not significantly

correlated with frequencies of attacks and intensity of pain (statistically insignificant data not

shown).
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Figure 10: Correlation between body mass index (BMI) and frequencies of attacks
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5.2.5 Affected muscles

Mostly leg [thigh: 13 patients (100%), calves: 13 patients (100%)] and arm [upper arm: 12
patients (92%), lower arm: 10 patients (77%)] muscles along with upper and lower limb
girdles were affected. In addition, back/trunk [9 patients (69%)] and face muscles [7 patients
(54 %)] were also affected in majority of patients. The frequencies of affected locations

during attacks are demonstrated in Figure 11.
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arm arm /Back
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Figure 11: Frequency of locations that are affected during attacks of symptoms.

5.2.6 Living standard

All patients play or used to play some sport ranging from daily to every few weeks. Seven
patients (54%) were forced to give up sports completely or partially due to the attacks.
Disabilities were persistent irrespective of attacks only in 2 patients (15%). Independently of
attacks, 8 patients (62%) complained of headache and out of them 3 patients (23%) were
diagnosed with migraine. Out of 4 female patients in the study, three patients had at least one

pregnancy and 1 patient (33%) reported of more intense attacks during pregnancy.
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5.2.7 Mitigation

All patients communicated that they practice different methods to mitigate pain during
attacks. These include body rest, carbohydrate supplement, fluid supplement and warmth. The
frequencies of different methods implemented by the patients to mitigate pain are illustrated
in Figure 12. Moreover, 8 patients (62%) routinely observed special diet that constitutes

mostly carbohydrate rich ingredients.
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Figure 12: Methods implemented to mitigate pain during attacks of symptoms.

5.2.8 Diagnosis timeline

From the emergence of first symptom [Mean: 9.7 (¥4.46) years], it took an average of 26.7
(£13.06) years, (range: 11-49, Median: 25, 95% CI: 18.8 to 34.58) to have a diagnosis of CPT
IT deficiency. In order to be diagnosed correctly, the patients had visited an average of 4
(range: 2-10) different physicians [Median: 3, 95% CI: 2.61 to 5.55]. Diagnosis was based on
both biochemical and genetic investigations in 10 patients (77%). In 3 patients (23%), the

diagnosis was established directly by genetic analysis.

5.3 Biochemical activity

Total CPT activity (CPT I+1I) was normal in all 42 investigated patients (38 index cases).
However, residual CPT II activity was reduced in all these patients (Table 8). In three patients
the CPT II activity was mildly reduced in the range between healthy controls and CPT II

deficient patients. There was no statistical difference in total and residual (upon malonyl CoA
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and Triton X) activities in p.Serl13Leu homozygote patients and p.Serl13leu heterozygotes

(i.e., p.Serl13leu on one allele and other mutation on another allele) (Table 8).

Table 8: Total (% of total CPT I and II) and residual CPT activity (after pre-incubation with
malonyl-CoA and with addition of Triton-X -100) in muscle homogenates of patients and

controls.
Enzyme p-Serl13Leu p-Serl13Leu Total patients Controls p
activity Homozygotes Heterozygotes (n=42) (n=21)
(n=23) (n=19)
Total CPT (nMol 2.02+0.54(1.7) 1.95+0.68(2.1) 1.97+0.74 (2.0) 1.84+0.67(1.58)  n.s.
/min/mg NCP)  Range: 1.3-4.6 Range: 1.0-4. Range: 1.0-4.6 Range: 1.1-3.39
Residual (%) 7.07£532(4.5) 122+6.3(7.0) 82+£5.57(6.5) 35.2+£9.34 (33.5) <0.001
malonyl-CoA Range: 1.4-23.8  Range: 1.8-23.0 Range: 1.4-23.8 Range: 28.0-68.0
Residual (%) 9.16£8.61 (7.0) 7.72+£8.23 (4.0) 7.52+6.6(5.7) 43.4 +£8.48 (43.0) <0.001

Triton X Range: 3.8-22.3

Range: 0-28.0  Range: 0-28.0

Range: 22.0-58.0

Numbers indicate mean + SD, median are given in parentheses (NCP: non-collagen protein;
p: correlation coefficient, ns: not significant)

Apart from above observation, three patients in our cohort showed normal total CPT activity

but intermediate residual CPT II activities after pre-incubation with malonyl-CoA and Triton-

X were reported (Figure 13). All three patients were heterozygous for the common p.

Serl13Leu mutation. Sequencing of all exons and of exon—intron boundaries did not identify

a second mutation in DNA of these three patients. In all these patients, symptoms were

observed in adulthood after extensive physical activities. Two patients are already reported in

detail in a previous publication [109].
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Figure 13: Residual CPT Activity (% of total CPT I and II) after pre-incubation with
malonyl-CoA and Triton-X. Grey bars represent patients with mutations on both alleles
(n=40) and white bars represent controls (n=21). Three manifesting heterozygotes patients
are represented by closed circle, open circle and open triangle, respectively.

5.4 Molecular genetics

Molecular genetic analysis identified the p.Serl13Leu mutation in 46 index patients (94%) in
at least one allele with an allele frequency of 0.72. Fifty four percent patients in our collective
were homozygote for this common mutation. Allele frequency of the p.Pro5SOHis mutation
was 0.06 and that of ¢.1238delAG mutation was 0.05. Apart from these 3 mutations, 11 other
mutations were also identified. Four mutations were novel. All these 11 mutations were in
compound heterozygote form and ten mutations were reported in single cases and
p-Arg231Trp and p.Glu487Lys mutations were reported in two unrelated cases each.
Spectrum of mutations identified in our collective and comparison of frequent mutations in

metaanalysis of other studies are illustrated in table 9.
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Table 9: Comparison of allele frequencies of different mutations identified in index

patients.
Mutations Our Cohort Other Studies
(n=98) [54,55,58,102,103]

(n=134)

p-Serl13Leu 71 (72%) 77 (57%)

p-Pro50His 6 (6%) 3(2%)

c.1238delAG* 5 (5%) 5 (4%)

p-Arg231Trp 2 (2%)

p-Glu487Lys 2 (2%)

p-Tyr479Phe 1

c.1646_49del* 1

c.340+5C>G 1

p-Met214Thr 1

p-Argl51Gln

c.340+1G>A* 1

c.182_203del22* 1

p.-Gly451Glu 1

p-Ser590Asn 1

In two patients mutations were identified on only one allele. Potentially truncating Mutations

are marked with asterisk. Novel Mutations identified in our collective are in bold cases.

Identification of novel mutations: Four novel mutations were identified in four unrelated
patients. All these mutations were in compound heterozygote state with the ‘common’
p-Ser113Leu mutation. The clinical and genetic features of these patients are listed below in
table 10 and the mutations are illustrated in figure 14. These four patients are reported in

detain in our previous study [78].

29



Table 10: Clinical and genetic features of four patients with novel mutations

Patient 1 2 3 4

Gender Male Male Male Female

Origin Turkey Germany Germany Germany

Age at diagnosis 25 54 52 60

(years)

Age of onset (yrs.) 4 10 childhood 12

No. of attacks several attacks of 7-8 attacks of multiple several attacks
muscle weakness & muscle weakness  attacks of of myalgia &
myoglobinuria & myoglobinuria  myoglobinuria myoglobinuria

Dialsyis required > two times at least once at least once no

Trigger prolonged exercise, Exercise, fasting,  prolonged E xercise &
fasting, infections cold, fever exercise fasting

Genotype p-Ser113Leu/ p-Ser113Leu/ p-Ser113Leu/ p.Serl13Leu/
c.340+1G>A c.182_203del22 p.Gly451Glu  p.Ser590Asn

Novel mutations are marked in bold cases

AC CA|T TAGGAG ATACC T CAG TG CF\CJGAA GCCTCTCTT Wild type

AC CAGAAGCCT CTCTTGAATGATGGCCAGTT CAGGTAA Mutant

Homo sapiens
s musculus
s taurus
ttus norvegicus

\Xenopus laevis

Sus scrofa

(d)

Figure 14: (a) Electropherogram showing a novel splice-site ¢.340+1G>A mutation in
intron 3 compound heterozygous with the common p.S113L mutation (patient 1), (b)
Electropherogram showing skipping of exon 3 in cDNA sequencing, (c) Electropherogram
showing a novel 22 bp deletion, c.182_203del22, in exon 2 (patient 2) and (d) Alignment
of novel mutations p.G451E (patient 3) and p.S590N (patient 4) in different species
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5.5 FGF-21 activity

The mean FGF-21 concentration in the plasma of patients was 68.5 pg/ml (Range: 0-157.5

pg/ml). The mean FGF-21 concentration measured separately in male patients was 59.22

pg/ml and in female patients was 82.0 pg/ml. (Table 11). The cutoff 190 pg/ml for FGF-21

was used based on the results of the 95 percentile of controls.

Table 11: FGF-21 levels in serum of CPT II deficient patients and in normal controls

Patient Gender Genotype FGF-21 (pg/ml)
1 F p-Ser113Leu/p.Serl13Leu 47.0

2 F p-Ser113Leu/p.Ser113Leu 66.5

3 M p-Ser113Leu/p.Serl13Leu 152.5

4 M p-Ser113Leu/p.Ser113Leu 82.0

5 M p-Serl13Leu/p.Serl13Leu 57.0

6 M p-Serl113Leu/c.1238delAG 37.0

7 M p-Serl13Leu/c.340+1G>A 110.5

8 M p.Ser113Leu/c.340+5G>A 25.5

9 M p-Serl13Leu/c.182_203del22  56.5

10 M p-Arg231Trp/p.Glu487Lys 12.0

11 M p-Serl13Leu/p.Serl13Leu 0

12 F p-Ser113Leu/p.Argl51GIn 157.5

13 F p-Serl13Leu/p.Pro5S0His 57.0

Mean (Range) 68.5 (0-157.5)
FGF-21 (pg/ml) in
Controls: Mean (Range)

M (n=23)  87.17 (0-148.5)

F (n=27) 64.82 (0-132.3)

Total (50) 66.23 (0-148.5)

M: Male, F: Female
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5.6 Comparison of clinical data of CPT II deficient patients with that of McArdle
and late onset M. Pompe patients

A clear male predominance was seen in patients with CPT II deficiency and Morbus Pompe
patients (both 61%) in comparison to balanced gender ratio in McArdle disease (50%). On the
other hand, onset in most of Morbus Pompe patients began comparatively late in adult age
(61%) in comparison to early (childhood and adolescence) onset in CPT II deficiency (81%)
and McArdle disease (90%) [CPT II vs M. Pompe; p<0.01]. Permanent weakness was
observed in lesser number of CPT II deficient patients (12%) compared to McArdle (33%)
and Morbus Pompe (100%) patiemts [CPT II vs McArdle; p<0.01, CPT II vs M. Pompe;
p<0.001]. Comparisons of clinical data (only relevant partial data are compared) of these three

forms of metabolic disorders are tabulated in table 12.

Table 12: Comparison of clinical data of patients with CPT II, McArdle and late onset M.
Pompe diseases.

Gender Age at Onset Permanent
Male Female Childhood  Adolescence  Adult weakness
CPTII (n=59) 36 (61%) 23 (39%) 36 (61%) 20 (34%) 3(5%) 7 (12%)
McArdle [61,107] 20 (50%) 20 (50%) 32 (80%) 4 (10%) 4 (10%) 13 (33%)
(n=40)
M. Pompe [108] 11(61%) 7 (39%) 3 (17%) 4 (22%) 11 (61%) 18 (100%)
(n=18)

Childhood: 0—12 years, adolescence: 13-22 years, adult: >22 years
Data of the patients used in this comparison were taken from our previously published reports

on McArdle patients [61,107] and Morbus Pompe patients [108]. The data of 50 CPT II
deficient patients are also previously reported in detail [32,78,109].
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6. Discussion

6.1 Clinical features

So far, there are only few reports with clinical characterization of CPT II deficient patients
[30,38,47,48,54,55,58]. The muscle form CPT II deficiency is extensively reported with adult
or late onset [47,58,102,110]. However, few cases with early childhood manifestation with
muscle form are also reported [38,52-56]. In present study, early or childhood (1-12 years)
onset was reported more frequently than adolescence (13-22 years) and adulthood (>22 years)
onset compared to metaanalysis of four previous studies [30,47,55,58] (Table 5).

Clinical symptoms such as myoglobinuria and attacks leading to renal failure and triggering
factors such as exercise and fasting were reported almost similarly frequently with no
statistical significance in present cohort and metaanalysis of previous studies. However, in
present series, symptoms such as exercise induced myalgia and attacks of muscle weakness
and inter-current infections and exposure to cold as triggering factor were observed in higher
frequencies compared to meta-analysis of five previous studies [30,47,54,55,58] (Table 6).
Serum CK and myoglobin could be monitored during an attack in a manifesting heterozygous
patient. The patient in his late twenties was admitted to our intensive station after suffering
from a severe attack of myalgia. Before the attack, the patient had completed a 10 kilometer
race on a very hot sunny afternoon. The previous evening, he had worked multiple hours in
his garden. At the time of admission, the patient was almost unconscious and his CK was
slightly elevated but myoglobin during admission was, however, immensely increased.
Increase of CK and myoglobin showed different kinetics. CK gradually increased during the
first 7 days while myoglobin was already maximally elevated during the first few hours
(Figure 15). This is consistent with previous studies on healthy half-marathon runners [93].
However, in this patient, it remains still open, whether the almost-normal myoglobin at day 2
and then subsequent mild re-increase was due to the initially excessive fluid substitution or
due to other reasons. The initial disseminated intravascular coagulation was most likely due to
the release of various prothrombotic substances from the damaged muscle fibers activating

the coagulation cascade [94].
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Figure 15: Levels of CK and myoglobin in a manifesting heterozygote patient. Day 0
indicates the time of treatment by the emergency physician previous to admission. The
broken horizontal line represents normal value of CK (2.85 umol/I*s) and the solid
horizontal line represents the normal value of myoglobin (106 pg/l). CK and myoglobin
levels were normal during re-examination after 6 months.

6.1.1 Questionnaire survey (Joshi, et al., J Clin Neuroscience 2018, paper in press)

Thirteen patients took part in the questionnaire survey. The outcome of this sub-study has
been submitted as a clinical paper in Journal of clinical neuroscience. The manuscript is
accepted for publication and is currently in press. The detailed discussion on results of this

sub-study is documented as following.

6.1.1.1 Symptoms and triggers

Frequencies of myalgia and rhabdomyolysis obtained by the questionnaires in the sub group
of 13 patients that were available for questionnaire survey are in line with the history directly
taken in our large cohort of patients [32]. Our survey strengthens the hypothesis that
prolonged physical stress, infections and exposure to cold might be related to a changed
thermal stability of the mutated enzyme [80]. During these extreme conditions the extra

muscular energy is required which is met by compensatory mitochondrial heat production
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which ultimately provokes the attacks. Although, cramps were previously excluded as
symptoms of CPT II deficiency [30], occurrence of cramps in 3/13 patients (23%) in our cases
suggest that cramps are not rare in CPT II deficiency. However, our study also emphasizes
that muscle cramps are not that frequent in comparison to McArdle patients [61,62]. Our
findings are supported by other studies where patients with cramps were sporadically reported
[59,82,111]. Medicines, mainly painkillers such as Ibuprofen initiated the attacks in three
patients. This is also in line with identification of transiently decreased carnitine content in
CPT 1I deficient patients upon ibuprofen therapy [112]. There are a couple of reports that
show that rhabdomyolysis could be induced by side-effects of other medicines such as
Valproic acid [113] and high doses of Diazepam [31].

Significant correlation between body mass index and frequency of attacks/year shows that
patients with high fat content in the body are in risk of having more frequently attacks than
patients with normal fat content (Figure 10). This can be explained by increased lipoprotein

lipase activity and free fatty acid utilization in muscle tissue of obese patients [114,115].

6.1.1.2 Affected muscles

In CPT II deficiency, entire regions of skeletal muscle can be affected. However, in the
patients in our questionnaire survey, arms and legs were affected more frequently (Figure 11).
These are the muscle groups that are most active during exercise and other strenuous day-to-
day activities. Consistently there are also reports on jaw musculature involvement while
chewing in CPT II deficient patients [116,117]. In more than half of the patients on the

present study, facial musculature involvement was reported (Figure 11).

6.1.1.3 Living standard

Myopathic CPT II deficiency is not considered a life threatening severe disease. Generally,
CPT 1I deficient patients could live a rather normal life. The notion that myopathic CPT II
deficiency is a ‘mild’ disease is strengthened by (1) no symptoms were reported in our
patients in between attacks, (2) the disabilities have remained the same or even decreased
during disease progression in 10 (77%) patients, (3) persistent disabilities irrespective of
attacks occurred only in 2 (15%) patients, (4) the average intensity of pain was found to be
4.77 on visual analogue scale (VAS) during regular attacks, (5) attacks of rhabdomyolysis
were reported in 10 (77%) patients but dialysis was required in only 2 (15%) patients, (6) only
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3 (23%) patients were forced to change their profession due to disabilities, and (7) all patients
regularly played some sports where symptoms were triggered during or after sports. This

shows that only strenuous physical activity is responsible for emergence of symptoms.

6.1.1.4 Mitigation

There is no approved drug for treatment of CPT II deficiency. Complete body rest and
carbohydrate supplement seem to mitigate the symptoms during and after the attacks in all
patients (Figure 12). Hence the CPT II deficient patient should be advised to avoid strenuous
physical activities and to shift their nutrient towards carbohydrate rich nutrients and low in fat
most of which should be medium chain triglycerides, and supplemented with carnitine. This
therapy improves the acylcarnitine profile and prevents further attacks of hypoglycemia and
arrhythmia [118].

Complication during general anesthesia (including rhabdomyolysis and renal post-anesthetic
failure) has been reported in CPT II deficient patients [119,120]. Hence it is advised to
evaluate the asymptomatic at-risk relatives as well. Due to early diagnosis and treatment

fatality caused by CPT II deficiency in the family could be reduced immensely.

6.1.1.5 Diagnosis Timeline

Diagnosis of CPT II deficiency seemed difficult as disabilities were seen only during attacks.
Between the attacks, patients were normal. An average of 26.7 years for diagnosis and
involvement of several physicians for the diagnosis reflects the diagnostic impediment
associated with this disease. This shows the lack of awareness of this special field of
neuromuscular disorders in many physicians.

Due to recent advancement in diagnosis of neuromuscular disorders, steps are being taken
forward in fast and reliable diagnosis of CPT II deficiency. For that, newborn screening
programs to identify disorders of fatty acid oxidation and the carnitine cycle are globally
expanding. However, it poses new challenges for the medical practitioner and for the clinical
geneticist as CPT II deficiency have the abnormal acylcarnitine profile at birth consisting of
low CO with increased C16-C18 species. In many cases, children will be symptomatic before
the results of newborn screening become available. The neonatal form of CPT II deficiency is
very severe and responds poorly to therapy. Milder forms of CPT II deficiency benefit from

the therapy discussed in mitigation section above.
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6.2 Biochemical features

In all patients where CPT activity was measured in muscle homogenates, total activity (CPT
I+II) was not significantly different from the total activities in normal controls. However, the
residual CPT II activity upon inhibition by malonyl-CoA and Triton X-100 was significantly
decreased in patients compared to controls (Table 8). This observation confirms the previous
notion that CPT II deficiency is not exclusively due to loss of total enzyme activity but rather
due to abnormal regulation of the enzyme. Interestingly, in three patients with normal total
activity, the residual CPT II activity was mildly reduced in the range between healthy controls
and CPT II deficient patients. Out of these three patients, two patients are already described in
detail [109]. Not only through radioactive method, immunohistological analysis of muscle
sections of CPT II deficient patients demonstrated same intensity of CPT II in patients as in
controls. In Western blot studies, COX (cytochrome ¢ oxidase) was used as a mitochondrial
marker for the quantification of CPT II protein. Patients and controls all showed the same
staining intensity [77]. These observations could further explain the phenomenon behind

occurrence of only intermittent symptoms in muscle CPT II deficiency.

6.3 Molecular genetic features

The ‘common’ p.Ser113Leu mutation was identified in at least one allele in 96% patients. Our
results are in line with previous findings as the p.Serl13Leu mutation was reported frequently
(allele frequency: 0.58-0.76) in patients with muscle CPT II deficiency [38,55,58,102,103]
(Table 2). Inheritance of CPT II deficiency is considered to be autosomal recessive. However,
two of the patients harbored only the p.Serl13Leu mutation on one allele [109] indicating that
although CPT II deficiency is an autosomal recessive disorder, rare symptomatic
heterozygous cases with intermediate residual enzyme activity are possible as suggested by
others [38,55,58,102,103]. Hence, in heterozygotes, additional epigenetic or environmental
factors might further compromise the only intermediately reduced biochemical parameters. .
In CPT II deficiency, through sequence analysis variants that are benign, likely benign, of
uncertain significance, likely pathogenic, or pathogenic could be identified. Pathogenic
variants may include small intragenic deletions/insertions and missense, nonsense, and splice
site variants; typically, exon or whole-gene deletions/duplications are not detected.

Moreover, in most of autosomal disorders, the silent mutations are considered to be

nonpathogenic and are easily overlooked during genetic analysis. Most of the silent mutations
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are polymorphisms as they do not alter the resulting protein but not all silent mutations are
harmless. A silent mutation can create an ectopic splice site which is then used in preference
to the natural splice site, shortening the exon. Analysis comparing silent mutations resulting in
exon-skipping and common SNPs showed that silent mutations responsible for abnormal
splicing are commonly located in regulatory elements within the exon that are important for
exon definition [121]. A silent mutation in exon 4 of CPT2 gene p.Gly310Gly has been
reported as a pathogenic mutation [58]. This mutation initiates abnormal splicing of exon 4
and subsequently modification of the resulting enzyme. This is consistent with identification
of pathogenic silent mutations in other autosomal disorders as well [122—125]. Therefore,
pathogenicity of the silent mutations identified in CP72 gene should be evaluated in order to
increase specificity of genetic analysis.

Identification of four different novel mutations in our cohort extended the heterogeneity of
CPT 1II gene mutations [78]. The four novel mutations are considered pathogenic because (1)
sequencing of whole coding region (including intron-exon boundaries) of the CPT II gene
identified no other mutant changes, (2) the splice site ¢.340+1G>A mutation was not
identified in 40 normal controls and resulted in skipping of exon 3 (Figure 14b), (3) the 22 bp
deletion (figure 1c) introduces a stop codon 6 amino acids downstream resulting in premature
termination of protein synthesis, (4) the mutations were identified in different alleles (5) all
these mutations are not listed as SNP (single nucleotide polymorphism) [11], (6) the
prediction program ‘polyphen-2’ suggests the missense mutations p.Gly451Glu as mildly
pathogenic (score:0.206) and p.Ser590Asn as severely pathogenic (score: 1.00) [12] and (6)
both the missense mutation are located at residues that are conserved among different species
(Figure 14d). Our study shows that screening for second mutations in patients that are
heterozygote for the common p.Serl13Leu is justified although rare symptomatic
heterozygotes might be possible [109]. In general, muscle biopsy is not required for diagnosis
of CPT II deficiency. However, if a muscle biopsy has been performed in p.Serl13Leu
heterozygotes, enzyme activity can be characterized as described [101]. If there are
intermediate levels of enzyme inhibition by malonyl CoA and Triton X-100 [109], further

mutation screening is generally not necessary.
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6.4 FGF-21 mitochondrial biomarker

FGF-21 has been established as a biomarker for diagnosis of mitochondrial diseases
[90,91,126—128]. However, FGF-21 concentrations in CPT II deficient patients are not
known. In our 13 patients, FGF-21 serum concentration was not significantly different from
those of controls. This was independent of the underlying mutation, gender, BMI, number &
severity of attacks. None of the patients showed a FGF-21 concentration above the cutoff
value. However, the induction of FGF-21 in mitochondrial myopathies is proposed to be a
transcriptional response, which is a part of an integrated mitochondrial stress response
(ISRmt). It should be controlled by mTORC1 in muscle [129]. In a mouse model with a heart
and muscle CPT II deficiency (Cpt2M—/—) the mTOR-regulated genes were significantly
upregulated [130]. Morover, FGF-21 level was also significantly increased above normal
level in Serums on CPTII knock out mice [97-100,131]. Based on these findings, a higher
FGF-21 serum level in CPT II deficiency patients compared to controls can be expected.
However, this was not the case in our patients. It has to be noted that the serum samples in our
patients were collected during attack-free intervals. This strengthens the notion that in CPT II
deficient patients, there is no permanent lack of active enzyme but rather an abnormal
regulation and thermostability of the mutant enzyme [79,80]. The only attack-like impairment

of fatty acid utilization in these patients might not be sufficient to cause an increased TGRF.

6.5 Genotype-Phenotype analysis

Previous studies suggested a phenotype/genotype correlation in CPT II deficiency. Severe
mutations such as p.Pro227Leu, c.1923_1935del, Asp328Gly on both alleles are associated
with neonatal or severe infantile form [38,39]. These mutations result in severe symptoms
leading to death. These severe mutations are generally not found in patients with mild muscle
form of CPT II deficiency. However, severe infantile form of CPT II deficiency 1is also
described in compound heterozygous states in combination with a severe pathogenic variant
and a variant usually associated with mild phenotype ([p.Gly520Ala) [40]. Apart from that,
the p.Arg503Cys pathogenic variant identified in a family presented with a slowly progressive
mild myopathy characterized by progressive muscle weakness and myopathic symptoms [34].
Moreover, isolated cases of myopathy related to CP7T2 mutations are also reported [132]. The
diagnosis of myopathy as well as that of CPT II deficiency in reported patients cannot be

explicitly validated. The diagnosis process in these cases is still questionable [132]. Not only
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pathogenic mutations but the polymorphisms have also been identified to be detrimental. The
polymorphism p.Phe352Cys, found only in East Asians, has been reported to be associated
with acute encephalopathy during infectious disease and sudden unexpected death in infancy.
This polymorphism is thermolabile and reduces enzyme activity during high temperatures
[15,133].

On the other hand, the most frequent p.Serl13Leu mutation associated with mild muscle form
is not found in other severe forms of CPT II deficiency. The p.Ser113Leu is frequently found
in northern Europeans while p.Phe383Tyr appears to have the highest prevalence in Japanese
population [134].

In the present series, a genotype-phenotype correlation was analyzed based on patients with
homozygous p.Serl13Leu mutation (n=34) and patients with heterozygous p.Serll13Leu
mutation (n=25). In these two groups, the age of onset, frequencies of symptom of attacks and
triggering factors were similar (Table 5 and Table 6). This was in line with findings of
previous studies [38,55,58,102,103]. There was no significant difference in the residual
activity upon inhibition with Triton X-100 in these two groups. However, there was a
tendency of higher residual enzyme activity upon malonyl-CoA inhibition in heterozygotes
than in homozygotes with a slight statistical difference (p=0.054, Mann-Whitney rank sum
test).

The comparison of patients with missense mutations on both alleles (n=48) and patients with
possible truncating mutation (deletions and splice-site mutations) on at least one allele (n=11)
revealed no significant difference regarding clinical symptoms. However, fasting as triggering
factor was reported in 10/11 patients with truncating mutations and in 16/48 patients with
missense mutations on both alleles (p=0.0034, Chi-square test). There was no significant
difference in the residual activities upon inhibition with malonyl-CoA and Triton X-100 in
these two groups of patients.

Present study shows that screening of p.Serl13Leu mutation in suspected muscle CPT II
deficiency is justified as this so called ‘common’ mutation was identified in 96% patients. In
more than half of the patients, age of onset was in childhood, suggesting that the often used
term ‘adult’ onset for muscle CPT II deficiency is rather misleading. Within the muscle form
of CPT II deficiency, different genotypes have only a marginal influence in clinical and
biochemical phenotypes.

Apart from these observations, three manifesting heterozygote patients were also reported. All

three patients showed typical symptoms of CPT II deficiency with exercise-induced attacks of
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muscle weakness with onset in adulthood. The intermediate residual enzyme activities after
preincubation with Triton-X-100 and upon addition of malonyl- CoA (Figure 13) are
consistent with the molecular finding of only one mutation in these patients. The possibility of
a large deletion or a second mutation in the intronic region cannot be entirely excluded in
these patients. However, large deletions have not been reported in patients with CPT II
deficiency, so farAlthough CPT II deficiency is considered as an autosomal recessive
disorder, both cases indicate that heterozygotes with only one mutant allele might also show
the typical attacks of symptoms. However, all three patients were professional athletes and the
attacks took place after strenuous physical activities (such as after a game of tennis, running
10 Kilometer distance on a hot sunny day, after working hard the whole afternoon in garden).
These are the typical triggers for inhibition of the enzyme that would triggers symptoms.
Hence, it would be really interesting to document physical activities of further heterozygotes
to identify a possible cut-off (duration of physical activity, severity of the activity, CK,
myoglobin, etc.) for emergence of attacks. These observations stress that despite the recessive
mode of inheritance of this disorder; the heterozygotes could not only be regarded as carriers
but could also occasionally show typical symptoms. Hence, if CPT II deficiency is identified
in any member in the family, the immediate family members are also in risk. A genetic

counselling would be helpful to them.

6.6 Comparison with McArdle and adult M. Pompe

McArdle and late onset Morbus Pompe are two most common metabolic myopathies
[61,62,107,108,135] that are characterized by exercise-induced myalgia, weakness and
myoglobinuria. Both these disorders are glycogen storage diseases. However the general
clinical characteristics of these metabolic myopathies are similar to that of CPT II deficiency.
There are two forms of Morbus Pompe; multi-systemic early and myopathic late onset. In our
cohort, the late onset was seen frequently (61%) in contrast to early (childhood and
adolescence) onset in CPT II deficiency (95%) [CPT II vs M. Pompe; p<0.01]. However,
there was no difference in ages on onset between CPT II deficiency and McArdle (early onset
in 90% patients). This shows that the progression of CPT II and McArdle start similarly in
early stage of life in contrast to delayed progression in Morbus Pompe. In late onset Morbus
Pompe severe additional symptoms (such as liver and cardiac involvement) are frequently

reported [136—138]. However, in contrast, myopathic form of CPT II deficiency showed no
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different organ involvement. This reflects the higher severity of symptoms in Morbus Pompe
in comparison to milder symptoms in CPT II deficiency. Additionally, a clear male
predominance was seen in patients with CPT II deficiency and Morbus Pompe patients (both
61%). This was consistent with other CPT II deficiency studies as well [54,55,58]. The male
dominance in these metabolic disorders could not be explained explicitly. Hence, the question
remains open, whether the male predominance is due to sex-related differences in exercise
activities, an X-chromosomal modifier gene, or hormonal factors such as estrogen that seem
to be a regulator of CPT [45,139]. Moreover, less frequently observed permanent weakness in
CPT 1II deficient patients in comparison to glycogen metabolic myopathies (McArdle and late
onset M. Pompe) further strengthens that in CPT II deficiency, there is no permanent lack of
active enzyme but rather an abnormal regulation and thermostability of the mutant enzyme
[79,80].

To sum up, our study emphasizes that CPT II deficiency the most common disorders of long-
chain fatty acids. However, only around 400 unrelated families with different three forms of
CPT 1II deficiency are reported globally. It can be predicted that there should be lot more
undiagnosed cases of CPT II deficiency as the patients are suffered by occasional attacks of
symptoms. Between the attacks, the patients are more or less normal and can perform their
daily activities without much problem. Additionally, females may be less likely to develop
myoglobinuria and therefore remain undetected. The diagnostic facility of CPT II deficiency
is not readily available and lots of patients have to wait for multiple decades just to get the
proper diagnosis. Molecular genetic investigation is regarded as the gold standard in diagnosis
of CPT II deficiency. Due to introduction of multi-panel gene sequencing of muscle patient
and exome sequencing in recent times, new cases of CPT II deficiency are emerging more
frequently. However, even during molecular genetic analysis, the potentially pathogenic silent
mutations seem to be overlooked not only in CPT II deficiency but in a lot of autosomal
disorders.In addition, biochemical analysis of muscle homogenates also potentially identifies
CPT 1I deficient patients with high specificity. Biochemical activity can be measured by
isotope forward assay [101] or by ELISA [77]. The MRI analysis of muscles of CPT II
deficient patients or histological or immunihistological analysis are not conclusive and cannot
be accepted as potential diagnostic measures in CPT II deficiency. The MRI of affected
muscle of CPT II deficient patients during an attack would be really interesting to analyze.
However, this does not seem to be feasible as the patients suffer from unexpected attacks of

symptoms. Unlike enzyme replacement therapy in late onset Morbus Pompe [108,140,141],
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there is no therapy available for CPT II deficiency. Complete body rest, supplement of
carbohydrate rich nutrition and substitution of fluids seem to decrease the frequency and
intensity of attacks. A couple of clinical studies are underway towards finding potential
therapy for CPT II deficiency. Roe and colleagues were able to get rid of rhabdomyolysis or
hospitalization of seven CPT II deficient patients while on the triheptanoin (anaplerotic) diet
[142]. These individuals returned to normal physical activity including strenuous sports after
anaplerotic diet. Moreover, another study demonstrated the increase of CPT2 mRNA and
normalization of enzyme activity in mild forms of CPT II-deficient cultured fibroblasts and
myoblasts by bezafibrate treatment [143]. Furthermore, a trial on six CPT II deficient patients
that were treated with bezafibrate showed elevation of fatty acid oxidation levels in muscle
biopsies as well as a significant increase in palmitoyl-L-carnitine oxidation, increased CPT2
mRNA, and increased translated protein. In these patients, episodes of rhabdomyolysis were
considerably decreased and the quality of life (measured by SF-36) analysis showed increase
in physical activity and a decline in intensity of muscle pain [143]. Despite these steps put
forward towards finding diagnosis and management strategies of CPT II deficiency, this
muscle disorder is still a mystery for many medical doctors, clinical geneticists and even for
the patients. However, the knowledge and awareness of CPT II deficiency is gradually
increasing among patients and clinicians and in due time more and more cases of CPT II
deficiency are bound to emerge. This will also pave the path towards finding a potential

therapy in this metabolic disorder.
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7. Summary

Carnitine palmitoyltransferase II (CPT II) facilitates the transfer of long-chain fatty acids
from cytoplasm into mitochondria during the oxidation of fatty acids. Deficiency this enzyme
results in the most common inherited disorder of long-chain fatty acid oxidation affecting
skeletal muscle. This disorder presents in three forms; (i) lethal neonatal form presenting with
hypoketotic hypoglycaemia and severe hepatomuscular symptoms, (ii) severe infantile
hepatocardiomuscular form characterized by hypoketotic hypoglycemia, liver failure,
cardiomyopathy, and peripheral myopathy and (iii) the classical rather mild myopathic form
characterized by recurrent episodes of muscle pain, muscle weakness, and rhabdomyolysis
triggered by prolonged exercise.

Clinical, biochemical and molecular genetic data in a cohort of 59 patients with muscle CPT
IT deficiency were analyzed. Attacks of myoglobinuria occurred in 80% patients. In 95%
patients triggering factor was exercise. Although the myopathic form is often called the adult
from, in 61% patients, the age of onset was in childhood (1-12 years). Although, cramps were
previously excluded as symptoms of CPT II deficiency, occurrence of cramps in 3/13 patients
(23%) in our cases (questionnaire survey) suggest that cramps are not rare in CPT II
deficiency. A clear male predominance (61% males) was seen in our cohort that was in line
with the observations of other studies. All the patients in whom biochemical activity was
measured (n=42) had normal enzyme activity of total CPT I+II but the activity was
significantly inhibited by malonyl-CoA and Triton. Despite identification of high levels of
mitochondrial biomarker FGF-21 in CPT II knock mice, the FGF-21 concentration in humans
during attack-free intervals is normal. This strengthens the fact that there is no permanent lack
of active enzyme in CPT II deficient patients but rather an abnormal regulation and
thermostability of the mutant enzyme.

The p.Serl13Leu mutation was detected in 46/49 index patients (94%) in at least one allele.
More than 52% index patients were homozygous for this mutation. Thirteen other mutations
were also identified. There was no notable difference in clinical and biochemical phenotype
of patients with p.Serl13Leu mutation in homozygous or compound heterozygous form. The
exception was a tendency of slightly higher residual enzyme activity upon malonyl-CoA
inhibition in Serl13Leu compound heterozygotes. Phenotype was also not significantly
different in patients with missense mutations on both alleles and patients with truncating

mutation on one allele and missense mutation on the other allele. However, only exception
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was that, attacks were triggered by fasting in almost all the patients with truncating mutations.
In contrast, fasting triggered the attacks only in one third of patients with missense mutations
on both alleles. The data indicates that within the muscle form of CPT II deficiency, the
various genotypes have only marginal influence on the clinical and biochemical phenotype.
Although CPT II deficiency is considered as an autosomal recessive disorder, present study
shows that heterozygote patients with only one mutant allele might also show the typical
attacks of symptoms. However, all symptomatic heterozygotes were professional athletes and
the attacks took place after strenuous physical activity.

In comparison to frequently suffered permanent weakness in glycogen metabolism diseases
(late onset GSD II and GSD V), permanent weakness in CPT II deficient patients is rare. This
further strengthens that in CPT II deficiency, there is no permanent lack of active enzyme but
rather an abnormal regulation and thermostability of the mutant enzyme. The ages of onset
were also early in childhood or in adolescent in CPT II deficient patients. That was in contrast
to later onset in glycogen metabolism diseases. There was a clear male predominance in CPT
IT deficiency and late onset GSD II. However, male dominance in these metabolic disorders
could not be explained explicitly. Hence, the question remains open, whether the male
predominance is due to sex-related differences in exercise activities, an X-chromosomal
modifier gene, or hormonal factors such as estrogen that seem to be a regulator of CPT.

The clinical data obtained by questionnaire survey in a sub group including 13 patients also
emphasizes that frequencies of attacks of symptoms are highly variable in myopathic CPT II
deficiency. It further stresses that despite the fact that the myopathic CPT II deficiency is a
mild form, severe patients requiring dialysis due to kidney failure could be present. There was
a significant correlation between body mass index and frequency of attacks/year showing that
patients with high fat content in the body are in risk of having more frequently attacks than
patients with normal fat content. This can be explained by increased lipoprotein lipase activity
and free fatty acid utilization in muscle tissue of obese patients. Moreover, patients needed an
average of almost three decades for diagnosis of CPT II deficiency that involved several
physicians. This reflects the diagnostic impediment associated with this disease. This shows

the lack of awareness of this special field of neuromuscular disorders in many physicians.

45



8. References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

Demaugre F, Bonnefont JP, Cepanec C, Scholte J, Saudubray JM, Leroux JP.
Immunoquantitative analysis of human carnitine palmitoyltransferase I and II defects.
Pediatr Res 1990;27:497-500. doi:10.1203/00006450-199005000-00016.

Dutta-Roy AK, Kahn NN, Sinha AK. Interaction of receptors for prostaglandin
El/prostacyclin and insulin in human erythrocytes and platelets. Life Sci 1991;49:1129—
39.

Dutta-Roy AK. Insulin mediated processes in platelets, erythrocytes and
monocytes/macrophages: effects of essential fatty acid metabolism. Prostaglandins
Leukot Essent Fatty Acids 1994;51:385-99.

Stubbs CD, Smith AD. The modification of mammalian membrane polyunsaturated fatty
acid composition in relation to membrane fluidity and function. Biochim Biophys Acta
1984;779:89-137.

Uauy R, Mena P, Valenzuela A. Essential fatty acids as determinants of lipid
requirements in infants, children and adults. Eur J Clin Nutr 1999;53 Suppl 1:S66-77.

McGarry JD, Foster DW. Regulation of hepatic fatty acid oxidation and ketone body
production. Annu Rev Biochem 1980;49:395-420.
doi:10.1146/annurev.bi.49.070180.002143.

Roe C, Ding J. Mitochondrial fatty acid oxidation disorders. Metab. Mol. Bases Inherit.
Dis. Ed. Scriver C Beaudet Sly W Val. D, vol. Vol. 8. 8th ed., New York: McGraw-Hill;
n.d., p. 2297-326.

Brosnan JT, Kopec B, Fritz IB. The localization of carnitine palmitoyltransferase on the
inner membrane of bovine liver mitochondria. J Biol Chem 1973;248:4075-82.

McGarry JD, Brown NF. The Mitochondrial Carnitine Palmitoyltransferase System -
From Concept to Molecular Analysis. Eur J Biochem 1997;244:1-14.
doi:10.1111/.1432-1033.1997.00001 .x.

Fraser F, Corstorphine CG, Zammit VA. Topology of carnitine palmitoyltransferase I in
the mitochondrial outer membrane. Biochem J 1997;323 ( Pt 3):711-8.

Gobin S, Bonnefont J-P, Prip-Buus C, Mugnier C, Ferrec M, Demaugre F, et al.
Organization of the human liver carnitine palmitoyltransferase 1 gene ( CPT1A) and
identification of novel mutations in hypoketotic hypoglycaemia. Hum Genet
2002;111:179-89. doi:10.1007/s00439-002-0752-0.

Britton CH, Mackey DW, Esser V, Foster DW, Burns DK, Yarnall DP, et al. Fine
chromosome mapping of the genes for human liver and muscle carnitine
palmitoyltransferase I (CPT1A and CPT1B). Genomics 1997;40:209-11.
do1:10.1006/geno.1996.4539.

Britton CH, Schultz RA, Zhang B, Esser V, Foster DW, McGarry JD. Human liver
mitochondrial carnitine palmitoyltransferase I: characterization of its cDNA and
46



chromosomal localization and partial analysis of the gene. Proc Natl Acad Sci U S A
1995;92:1984-8.

[14] Bonnefont J-P, Djouadi F, Prip-Buus C, Gobin S, Munnich A, Bastin J. Carnitine
palmitoyltransferases 1 and 2: biochemical, molecular and medical aspects. Mol Aspects
Med 2004;25:495-520. doi:10.1016/j.mam.2004.06.004.

[15] Yamazaki N, Shinohara Y, Shima A, Yamanaka Y, Terada H. Isolation and
characterization of cDNA and genomic clones encoding human muscle type carnitine
palmitoyltransferase 1. Biochim Biophys Acta 1996;1307:157-61.

[16] Bennett MJ, Rinaldo P, Strauss AW. Inborn errors of mitochondrial fatty acid oxidation.
Crit Rev Clin Lab Sci 2000;37:1-44. doi:10.1080/10408360091174169.

[17] Price N, van der Leij F, Jackson V, Corstorphine C, Thomson R, Sorensen A, et al. A
novel brain-expressed protein related to carnitine palmitoyltransferase I. Genomics
2002;80:433-42.

[18] Gellera C, Verderio E, Floridia G, Finocchiaro G, Montermini L, Cavadini P, et al.
Assignment of the human carnitine palmitoyltransferase II gene (CPT1) to chromosome
1p32. Genomics 1994;24:195-7. doi:10.1006/geno.1994.1605.

[19] Woeltje KF, Esser V, Weis BC, Sen A, Cox WF, McPhaul MJ, et al. Cloning,
sequencing, and expression of a cDNA encoding rat liver mitochondrial carnitine
palmitoyltransferase II. J Biol Chem 1990;265:10720-5.

[20] Verderio E, Cavadini P, Montermini L, Wang H, Lamantea E, Finocchiaro G, et al.
Carnitine palmitoyltransferase II deficiency: structure of the gene and characterization of
two novel disease-causing mutations. Hum Mol Genet 1995;4:19-29.

[21] Finocchiaro G, Taroni F, Rocchi M, Martin AL, Colombo I, Tarelli GT, et al. cDNA
cloning, sequence analysis, and chromosomal localization of the gene for human
carnitine palmitoyltransferase. Proc Natl Acad Sci U S A 1991;88:661-5.

[22] Pande SV. A mitochondrial carnitine acylcarnitine translocase system. Proc Natl Acad
Sci U S A 1975;72:883-7.

[23] Ramsay RR, Tubbs PK. The mechanism of fatty acid uptake by heart mitochondria: an
acylcarnitine-carnitine exchange. FEBS Lett 1975;54:21-5.

[24] Indiveri C, Tonazzi A, Palmieri F. The reconstituted carnitine carrier from rat liver
mitochondria: evidence for a transport mechanism different from that of the other
mitochondrial translocators. Biochim Biophys Acta 1994;1189:65-73.

[25] Kunau WH, Dommes V, Schulz H. beta-oxidation of fatty acids in mitochondria,
peroxisomes, and bacteria: a century of continued progress. Prog Lipid Res
1995;34:267-342.

[26] Eaton S, Bartlett K, Pourfarzam M. Mammalian mitochondrial beta-oxidation. Biochem
J1996;320 ( Pt 2):345-57.

47



[27] Tonazzi A, Giangregorio N, Indiveri C, Palmieri F. Site-directed mutagenesis of the His
residues of the rat mitochondrial carnitine/acylcarnitine carrier: implications for the role
of His-29 in the transport pathway. Biochim Biophys Acta 2009;1787:1009—-15.
doi:10.1016/j.bbabio.2009.02.026.

[28] Rubio-Gozalbo ME, Bakker JA, Waterham HR, Wanders RJA. Carnitine-acylcarnitine
translocase deficiency, clinical, biochemical and genetic aspects. Mol Aspects Med
2004;25:521-32. doi:10.1016/j.mam.2004.06.007.

[29] Morillas M, Lépez-Vinas E, Valencia A, Serra D, Gémez-Puertas P, Hegardt FG, et al.
Structural model of carnitine palmitoyltransferase I based on the carnitine
acetyltransferase crystal. Biochem J 2004;379:777—-84. doi:10.1042/BJ20031373.

[30] DiMauro S, Papadimitriou A. Carnitine palmitoyltransferase deficiency. Myol. Ed.
Engel AG Bank. BQ, vol. Vol 2, New York: McGraw-Hill; 1986, p. 1697-708.

[31] Bonnefont J-P, Demaugre F, Prip-Buus C, Saudubray J-M, Brivet M, Abadi N, et al.
Carnitine Palmitoyltransferase Deficiencies. Mol Genet Metab 1999;68:424—40.
doi:10.1006/mgme.1999.2938.

[32] Joshi PR, Deschauer M, Zierz S. Carnitine palmitoyltransferase II (CPT II) deficiency:
genotype-phenotype analysis of 50 patients. J Neurol Sci 2014;338:107—11.
doi:10.1016/j.jns.2013.12.026.

[33] Kerner J, Hoppel C. Fatty acid import into mitochondria. Biochim Biophys Acta
2000;1486:1-17.

[34] Vladutiu GD, Quackenbush EJ, Hainline BE, Albers S, Smail DS, Bennett MJ. Lethal
neonatal and severe late infantile forms of carnitine palmitoyltransferase II deficiency

associated with compound heterozygosity for different protein truncation mutations. J
Pediatr 2002;141:734—6. doi:10.1067/mpd.2002.128545.

[35] Sigauke E, Rakheja D, Kitson K, Bennett MJ. Carnitine palmitoyltransferase II
deficiency: a clinical, biochemical, and molecular review. Lab Investig J Tech Methods
Pathol 2003;83:1543-54.

[36] Pierce MR, Pridjian G, Morrison S, Pickoff AS. Fatal carnitine palmitoyltransferase II
deficiency in a newborn: new phenotypic features. Clin Pediatr (Phila) 1999;38:13-20.
doi:10.1177/000992289903800102.

[37] Boemer F, Deberg M, Schoos R, Caberg J-H, Gaillez S, Dugauquier C, et al. Diagnostic
pitfall in antenatal manifestations of CPT II deficiency. Clin Genet 2016;89:193-7.
doi:10.1111/cge.12593.

[38] Thuillier L, Sevin C, Demaugre F, Brivet M, Rabier D, Droin V, et al.
Genotype/phenotype correlation in carnitine palmitoyl transferase II deficiency: lessons

from a compound heterozygous patient. Neuromuscul Disord 2000;10:200-5.
doi:10.1016/S0960-8966(99)00096-6.

48



[39] Isackson PJ, Bennett MJ, Vladutiu GD. Identification of 16 new disease-causing
mutations in the CPT2 gene resulting in carnitine palmitoyltransferase II deficiency. Mol
Genet Metab 2006;89:323-31. doi:10.1016/j.ymgme.2006.08.004.

[40] Semba S, Yasujima H, Takano T, Yokozaki H. Autopsy case of the neonatal form of
carnitine palmitoyltransferase-II deficiency triggered by a novel disease-causing
mutation del1737C. Pathol Int 2008;58:436—41. doi:10.1111/j.1440-1827.2008.02250.x.

[41] Smeets RJP, Smeitink JAM, Semmekrot BA, Scholte HR, Wanders RJA, van den
Heuvel LPWIJ. A novel splice site mutation in neonatal carnitine palmitoyl transferase 11
deficiency. J Hum Genet 2003;48:8—13. doi:10.1007/s100380300001.

[42] Demaugre F, Bonnefont JP, Colonna M, Cepanec C, Leroux JP, Saudubray JM. Infantile
form of carnitine palmitoyltransferase II deficiency with hepatomuscular symptoms and

sudden death. Physiopathological approach to carnitine palmitoyltransferase 11
deficiencies. J Clin Invest 1991;87:859-64. doi:10.1172/JCI115090.

[43] Yahyaoui R, Espinosa MG, Gomez C, Dayaldasani A, Rueda I, Rolddn A, et al.
Neonatal carnitine palmitoyltransferase II deficiency associated with Dandy-Walker
syndrome and sudden death. Mol Genet Metab 2011;104:414—6.
doi:10.1016/j.ymgme.2011.05.003.

[44] Bouchireb K, Teychene A-M, Rigal O, de Lonlay P, Valayannopoulos V, Gaudelus J, et
al. Post-mortem MRI reveals CPT?2 deficiency after sudden infant death. Eur J Pediatr
2010;169:1561-3. doi:10.1007/s00431-010-1261-0.

[45] Vladutiu GD, Bennett MJ, Fisher NM, Smail D, Boriack R, Leddy J, et al. Phenotypic
variability among first-degree relatives with carnitine palmitoyltransferase Il deficiency.
Muscle Nerve 2002;26:492—8. doi:10.1002/mus.10217.

[46] DiMauro S, DiMauro PMM. Muscle Carnitine Palmityltransferase Deficiency and
Myoglobinuria. Science 1973;182:929-31. doi:10.1126/science.182.4115.929.

[47] Corti S, Bordoni A, Ronchi D, Musumeci O, Aguennouz M, Toscano A, et al. Clinical
features and new molecular findings in Carnitine Palmitoyltransferase II (CPT II)
deficiency. J Neurol Sci 2008;266:97—-103. doi:10.1016/j.jns.2007.09.015.

[48] Deschauer M, Wieser T, Zierz S. Muscle Carnitine Palmitoyltransferase II Deficiency:
Clinical and Molecular Genetic Features and Diagnostic Aspects. Arch Neurol
2005;62:37. doi:10.1001/archneur.62.1.37.

[49] Wieser T. Carnitine Palmitoyltransferase II Deficiency. In: Adam MP, Ardinger HH,
Pagon RA, Wallace SE, Bean LJ, Stephens K, et al., editors. GeneReviews®, Seattle
(WA): University of Washington, Seattle; 1993.

[50] Kaneoka H, Uesugi N, Moriguchi A, Hirose S, Takayanagi M, Yamaguchi S, et al.
Carnitine palmitoyltransferase II deficiency due to a novel gene variant in a patient with
rhabdomyolysis and ARF. Am J Kidney Dis Off J Natl Kidney Found 2005;45:596—-602.
doi:10.1053/j.ajkd.2004.12.006.

49



[51] Gempel K, Kottlors M, Jaksch M, Gerbitz KD, Bauer MF. Adult carnitine
palmitoyltransferase II deficiency: detection of characteristic carnitine esters in serum by
tandem mass spectrometry. J Inherit Metab Dis 1999;22:941-2.

[52] Gempel K, von Praun C, Baumk?tter J, Lehnert W, Ensenauer R, Gerbitz K-D, et al.
“Adult” form of muscular carnitine palmitoyltransferase II deficiency: manifestation in a
2-year-old child. Eur J Pediatr 2001;160:548-51. doi:10.1007/s004310100802.

[53] Hurvitz H, Klar A, Korn-Lubetzki I, Wanders RJ., Elpeleg ON. Muscular carnitine
palmitoyltransferase II deficiency in infancy. Pediatr Neurol 2000;22:148-50.
doi:10.1016/S0887-8994(99)00125-3.

[54] Fanin M, Anichini A, Cassandrini D, Fiorillo C, Scapolan S, Minetti C, et al. Allelic and
phenotypic heterogeneity in 49 Italian patients with the muscle form of CPT-II
deficiency. Clin Genet 2012;82:232-9. doi:10.1111/.1399-0004.2011.01786.x.

[55] Anichini A, Fanin M, Vianey-Saban C, Cassandrini D, Fiorillo C, Bruno C, et al.
Genotype-phenotype correlations in a large series of patients with muscle type CPT II
deficiency. Neurol Res 2011;33:24-32. doi:10.1179/016164110X12767786356390.

[56] Reuschenbach C, Zierz S. Mutant carnitine palmitoyltransferase associated with
myoadenylate deaminase deficiency in skeletal muscle. J Pediatr 1988;112:600-3.
doi:10.1016/S0022-3476(88)80180-X.

[57] @rngreen MC, Dung M, Ejstrup R, Christensen E, Schwartz M, Sacchetti M, et al. Fuel
utilization in subjects with carnitine palmitoyltransferase 2 gene mutations: CPT2 Gene
Mutations and Fuel Use. Ann Neurol 2005;57:60-6. doi:10.1002/ana.20320.

[58] Martin MA, Rubio JC, De Bustos F, Del Hoyo P, Campos Y, Garcia A, et al. Molecular
analysis in Spanish patients with muscle carnitine palmitoyltransferase deficiency.
Muscle Nerve 1999;22:941-3.

[59] Topgu Y, Bayram E, Karaoglu P, Yis U, Bayram M, Kurul SH. Carnitine palmitoyl
transferase II deficiency in an adolescent presenting with rhabdomyolysis and acute
renal failure. Pediatr Emerg Care 2014;30:343—4. doi:10.1097/PEC.0000000000000127.

[60] Gieron MA, Korthals JK. Carnitine palmityltransferase deficiency with permanent
weakness. Pediatr Neurol 1987;3:51-3.

[61] Deschauer M, Morgenroth A, Joshi PR, Glédser D, Chinnery PF, Aasly J, et al. Analysis
of spectrum and frequencies of mutations in McArdle disease. Identification of 13 novel
mutations. J Neurol 2007;254:797-802. doi:10.1007/s00415-006-0447-x.

[62] Martin MA, Rubio JC, Buchbinder J, Ferndndez-Hojas R, del Hoyo P, Teijeira S, et al.
Molecular heterogeneity of myophosphorylase deficiency (McArdle’s disease): a
genotype-phenotype correlation study. Ann Neurol 2001;50:574—81.

[63] Wieser T, Deschauer M, Olek K, Hermann T, Zierz S. Carnitine palmitoyltransferase II

deficiency: molecular and biochemical analysis of 32 patients. Neurology
2003;60:1351-3.

50



[64] Blanc PL, Carrier H, Thomas L, Chavaillon JM, Robert D. Acute rhabdomyolysis with
carnitine-palmityl-transferase deficiency. Intensive Care Med 1982;8:307.

[65] Knottnerus SJG, Bleeker JC, Wiist RCI, Ferdinandusse S, IJIst L, Wijburg FA, et al.
Disorders of mitochondrial long-chain fatty acid oxidation and the carnitine shuttle. Rev
Endocr Metab Disord 2018. doi:10.1007/s11154-018-9448-1.

[66] Longo N, Frigeni M, Pasquali M. Carnitine transport and fatty acid oxidation. Biochim
Biophys Acta BBA - Mol Cell Res 2016;1863:2422-35.
doi:10.1016/j.bbamcr.2016.01.023.

[67] McHugh DMS, Cameron CA, Abdenur JE, Abdulrahman M, Adair O, Al Nuaimi SA, et
al. Clinical validation of cutoff target ranges in newborn screening of metabolic
disorders by tandem mass spectrometry: a worldwide collaborative project. Genet Med
Off J Am Coll Med Genet 2011;13:230-54. doi:10.1097/GIM.0b013e31820d5e67.

[68] Fingerhut R, Roschinger W, Muntau AC, Dame T, Kreischer J, Arnecke R, et al. Hepatic
carnitine palmitoyltransferase I deficiency: acylcarnitine profiles in blood spots are
highly specific. Clin Chem 2001;47:1763-8.

[69] Ventura FV, Costa CG, Struys EA, Ruiter J, Allers P, [jlst L, et al. Quantitative
acylcarnitine profiling in fibroblasts using [U-13C] palmitic acid: an improved tool for
the diagnosis of fatty acid oxidation defects. Clin Chim Acta Int J Clin Chem
1999;281:1-17.

[70] Gempel K, Kiechl S, Hofmann S, Lochmiiller H, Kiechl-Kohlendorfer U, Willeit J, et al.
Screening for carnitine palmitoyltransferase II deficiency by tandem mass spectrometry.
J Inherit Metab Dis 2002;25:17-27.

[71] Diekman E, de Sain-van der Velden M, Waterham H, Kluijtmans L, Schielen P, van
Veen EB, et al. The Newborn Screening Paradox: Sensitivity vs. Overdiagnosis in
VLCAD Deficiency. JIMD Rep 2016;27:101-6. doi:10.1007/8904_2015_476.

[72] Sander J, Sander S, Steuerwald U, Janzen N, Peter M, Wanders RJA, et al. Neonatal
screening for defects of the mitochondrial trifunctional protein. Mol Genet Metab
2005;85:108—14. doi:10.1016/j.ymgme.2005.02.002.

[73] de Sain-van der Velden MGM, Diekman EF, Jans JJ, van der Ham M, Prinsen BHCMT,
Visser G, et al. Differences between acylcarnitine profiles in plasma and bloodspots.
Mol Genet Metab 2013;110:116-21. doi:10.1016/j.ymgme.2013.04.008.

[74] Laforét P, Vianey-Saban C. Disorders of muscle lipid metabolism: diagnostic and
therapeutic challenges. Neuromuscul Disord NMD 2010;20:693—700.
doi:10.1016/j.nmd.2010.06.018.

[75] Diekman EF, van der Pol WL, Nievelstein RAJ, Houten SM, Wijburg FA, Visser G.
Muscle MRI in patients with long-chain fatty acid oxidation disorders. J Inherit Metab
Dis 2014;37:405—-13. doi:10.1007/s10545-013-9666-3.

51



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Liang WC, Nishino I. State of the art in muscle lipid diseases. Acta Myol Myopathies
Cardiomyopathies Off J] Mediterr Soc Myol 2010;29:351-6.

Lehmann D, Zierz S. Normal protein content but abnormally inhibited enzyme activity
in muscle carnitine palmitoyltransferase II deficiency. J Neurol Sci 2014;339:183-8.
doi:10.1016/j.jns.2014.02.011.

Joshi PR, Young P, Deschauer M, Zierz S. Expanding mutation spectrum in CPT II
gene: identification of four novel mutations. J Neurol 2013;260:1412—4.
doi:10.1007/s00415-013-6887-1.

Lehmann D, Motlagh L, Robaa D, Zierz S. Muscle Carnitine Palmitoyltransferase 11
Deficiency: A Review of Enzymatic Controversy and Clinical Features. Int J] Mol Sci
2017;18. doi:10.3390/ijms18010082.

Motlagh L, Golbik R, Sippl W, Zierz S. Stabilization of the thermolabile variant S113L
of carnitine palmitoyltransferase II. Neurol Genet 2016;2:e53.
doi:10.1212/NXG.0000000000000053.

Bank WJ, DiMauro S, Bonilla E, Capuzzi DM, Rowland LP. A disorder of muscle lipid
metabolism and myoglobinuria. Absence of carnitine palmityl transferase. N Engl J] Med
1975;292:443-9. doi:10.1056/NEJM197502272920902.

Reza MJ, Kar NC, Pearson CM, Kark RA. Recurrent myoglobinuria due to muscle
carnitine palmityl transferase deficiency. Ann Intern Med 1978;88:610-5.

Angelini C, Freddo L, Battistella P, Bresolin N, Pierobon-Bormioli S, Armani M, et al.
Carnitine palmityl transferase deficiency: clinical variability, carrier detection, and
autosomal-recessive inheritance. Neurology 1981;31:883—6.

Taroni F, Verderio E, Fiorucci S, Cavadini P, Finocchiaro G, Uziel G, et al. Molecular
characterization of inherited carnitine palmitoyltransferase II deficiency. Proc Natl Acad
Sci U S A 1992;89:8429-33.

Hostetler K, Hoppel CL, Romine JS, Sipe JC, Gross SR, Higginbottom PA. Partial
deficiency of muscle carnitine palmitoyltransferase with normal ketone production. N
Engl J Med 1978;298:553—7. doi:10.1056/NEJM197803092981007.

Ionasescu V, Hug G, Hoppel C. Combined partial deficiency of muscle carnitine
palmitoyltransferase and carnitine with autosomal dominant inheritance. J Neurol
Neurosurg Psychiatry 1980;43:679-82.

Layzer RB, Havel RJ, Mcllroy MB. Partial deficiency of carnitine palmityltransferase:
physiologic and biochemical consequences. Neurology 1980;30:627-33.

Vladutiu GD, Saponara I, Conroy JM, Grier RE, Brady L, Brady P. Inmunoquantitation
of carnitine palmitoyl transferase in skeletal muscle of 31 patients. Neuromuscul Disord
NMD 1992;2:249-59.

52



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Olpin SE, Afifi A, Clark S, Manning NJ, Bonham JR, Dalton A, et al. Mutation and
biochemical analysis in carnitine palmitoyltransferase type II (CPT II) deficiency. J
Inherit Metab Dis 2003;26:543-57.

Suomalainen A. Biomarkers for mitochondrial respiratory chain disorders. J Inherit
Metab Dis 2011;34:277-82. doi:10.1007/s10545-010-9222-3.

Scholle LM, Lehmann D, Deschauer M, Kraya T, Zierz S. FGF-21 as a Potential
Biomarker for Mitochondrial Diseases. Curr Med Chem 2018;25:2070-81.
doi:10.2174/0929867325666180111094336.

Suomalainen A, Elo JM, Pietildinen KH, Hakonen AH, Sevastianova K, Korpela M, et
al. FGF-21 as a biomarker for muscle-manifesting mitochondrial respiratory chain
deficiencies: a diagnostic study. Lancet Neurol 2011;10:806—18. doi:10.1016/S1474-
4422(11)70155-7.

Davis RL, Liang C, Edema-Hildebrand F, Riley C, Needham M, Sue CM. Fibroblast
growth factor 21 is a sensitive biomarker of mitochondrial disease. Neurology
2013;81:1819-26. doi:10.1212/01.wnl.0000436068.43384.ef.

Koene S, de Laat P, van Tienoven DH, Vriens D, Brandt AM, Sweep FCGJ, et al. Serum
FGF21 levels in adult m.3243A>G carriers: Clinical implications. Neurology
2014:83:125-33. doi:10.1212/WNL.0000000000000578.

Yatsuga S, Fujita Y, Ishii A, Fukumoto Y, Arahata H, Kakuma T, et al. Growth
differentiation factor 15 as a useful biomarker for mitochondrial disorders. Ann Neurol
2015;78:814-23. doi:10.1002/ana.24506.

Morovat A, Weerasinghe G, Nesbitt V, Hofer M, Agnew T, Quaghebeur G, et al. Use of
FGF-21 as a Biomarker of Mitochondrial Disease in Clinical Practice. J Clin Med
2017;6. doi:10.3390/jcm6080080.

Lee J, Choi J, Selen Alpergin ES, Zhao L, Hartung T, Scafidi S, et al. Loss of Hepatic
Mitochondrial Long-Chain Fatty Acid Oxidation Confers Resistance to Diet-Induced
Obesity and Glucose Intolerance. Cell Rep 2017;20:655-67.
doi:10.1016/j.celrep.2017.06.080.

Lee J, Choi J, Scafidi S, Wolfgang MJ. Hepatic Fatty Acid Oxidation Restrains Systemic
Catabolism during Starvation. Cell Rep 2016;16:201-12.
doi:10.1016/j.celrep.2016.05.062.

Lee J, Ellis JM, Wolfgang MJ. Adipose fatty acid oxidation is required for
thermogenesis and potentiates oxidative stress-induced inflammation. Cell Rep
2015;10:266—79. doi:10.1016/j.celrep.2014.12.023.

[100] Gonzalez-Hurtado E, Lee J, Choi J, Wolfgang MJ. Fatty acid oxidation is required for

active and quiescent brown adipose tissue maintenance and thermogenic programing.
Mol Metab 2018;7:45-56. doi:10.1016/j.molmet.2017.11.004.

53



[101] Zierz S, Engel AG. Regulatory properties of a mutant carnitine palmitoyltransferase in
human skeletal muscle. Eur J Biochem 1985;149:207-14.

[102] Taroni F, Verderio E, Dworzak F, Willems PJ, Cavadini P, DiDonato S. Identification
of a common mutation in the carnitine palmitoyltransferase II gene in familial recurrent
myoglobinuria patients. Nat Genet 1993;4:314-20. doi:10.1038/ng0793-314.

[103] Taggart RT, Smail D, Apolito C, Vladutiu GD. Novel mutations associated with
carnitine palmitoyltransferase II deficiency. Hum Mutat 1999;13:210-20.
doi:10.1002/(SICI)1098-1004(1999)13:3<210::AID-HUMU5>3.0.CO;2-0.

[104] Deschauer M, Wieser T, Schroder R, Zierz S. A novel nonsense mutation (515del4) in
muscle carnitine palmitoyltransferase II deficiency. Mol Genet Metab 2002;75:181-5.
doi:10.1006/mgme.2001.3281.

[105] Owczarzy R, Vallone PM, Gallo FJ, Paner TM, Lane MJ, Benight AS. Predicting
sequence-dependent melting stability of short duplex DNA oligomers. Biopolymers
1997;44:217-39. doi:10.1002/(SICI)1097-0282(1997)44:3<217::AID-BIP3>3.0.CO;2-
Y.

[106] Wetmur JG. DNA probes: applications of the principles of nucleic acid hybridization.
Crit Rev Biochem Mol Biol 1991;26:227-59. doi:10.3109/10409239109114069.

[107] Joshi PR, Apitz T, Zierz S. Normal activities of AMP-deaminase and adenylate kinase
in patients with McArdle disease. Neurol Res 2016;38:1052-5.
doi:10.1080/01616412.2016.1243638.

[108] Joshi PR, Gliser D, Schmidt S, Vorgerd M, Winterholler M, Eger K, et al. Molecular
diagnosis of German patients with late-onset glycogen storage disease type II. J Inherit
Metab Dis 2008;31 Suppl 2:5261-265. doi:10.1007/s10545-008-0820-2.

[109] Joshi PR, Deschauer M, Zierz S. Clinically symptomatic heterozygous carnitine
palmitoyltransferase II (CPT II) deficiency. Wien Klin Wochenschr 2012;124:8514.
doi:10.1007/s00508-012-0296-9.

[110] Vladutiu GD, Bennett MJ, Smail D, Wong LJ, Taggart RT, Lindsley HB. A variable
myopathy associated with heterozygosity for the RS03C mutation in the carnitine
palmitoyltransferase II gene. Mol Genet Metab 2000;70:134—41.
doi:10.1006/mgme.2000.3009.

[111] Bye AM, Kan AE. Cramps following exercise. Aust Paediatr J 1988;24:258-9.

[112] Ross NS, Hoppel CL. Partial muscle carnitine palmitoyltransferase-A deficiency.
Rhabdomyolysis associated with transiently decreased muscle carnitine content after
ibuprofen therapy. JAMA 1987;257:62-5.

[113] Kottlors M, Jaksch M, Ketelsen UP, Weiner S, Glocker FX, Liicking CH. Valproic
acid triggers acute thabdomyolysis in a patient with carnitine palmitoyltransferase type
II deficiency. Neuromuscul Disord NMD 2001;11:757-9.

54



[114] Ferraro RT, Eckel RH, Larson DE, Fontvieille AM, Rising R, Jensen DR, et al.
Relationship between skeletal muscle lipoprotein lipase activity and 24-hour
macronutrient oxidation. J Clin Invest 1993;92:441-5. doi:10.1172/JCI116586.

[115] Richelsen B, Pedersen SB, Mgller-Pedersen T, Schmitz O, Mgller N, Bgrglum JD.
Lipoprotein lipase activity in muscle tissue influenced by fatness, fat distribution and
insulin in obese females. Eur J Clin Invest 1993;23:226-33.

[116] Zierz S. Camitine palmitoyltransferase deficiency. Myol. AG Engel C Franzini-
Armstrong Eds, vol. Vol. 2, New York: McGraw-Hill; 1994, p. 1577-86.

[117] Carroll JE, Brooke MH, DeVivo DC, Kaiser KK, Hagberg JM. Biochemical and
physiologic consequences of carnitine palmityltransferase deficiency. Muscle Nerve
1978;1:103—-10. doi:10.1002/mus.880010203.

[118] Iacobazzi V, Pasquali M, Singh R, Matern D, Rinaldo P, Amat di San Filippo C, et al.
Response to therapy in carnitine/acylcarnitine translocase (CACT) deficiency due to a
novel missense mutation. Am J Med Genet A 2004;126A:150-5.
doi:10.1002/ajmg.a.20573.

[119] Katsuya H, Misumi M, Ohtani Y, Miike T. Postanesthetic acute renal failure due to
carnitine palmityl transferase deficiency. Anesthesiology 1988;68:945-8.

[120] Wieser T, Kraft B, Kress HG. No carnitine palmitoyltransferase deficiency in skeletal
muscle in 18 malignant hyperthermia susceptible individuals. Neuromuscul Disord
NMD 2008;18:471—4. doi:10.1016/j.nmd.2008.03.007.

[121] Woolfe A, Mullikin JC, Elnitski L. Genomic features defining exonic variants that
modulate splicing. Genome Biol 2010;11:R20. doi:10.1186/gb-2010-11-2-r20.

[122] Fernandez-Cadenas I, Andreu AL, Gamez J, Gonzalo R, Martin MA, Rubio JC, et al.
Splicing mosaic of the myophosphorylase gene due to a silent mutation in McArdle
disease. Neurology 2003;61:14324.

[123] Joshi PR, Glaser D, Dref3el C, Kress W, Weis J, Deschauer M. Anoctamin 5 muscular
dystrophy associated with a silent p.Leul15Leu mutation resulting in exon skipping.
Neuromuscul Disord NMD 2014;24:43—7. doi:10.1016/;.nmd.2013.09.003.

[124] Chao HK, Hsiao KJ, Su TS. A silent mutation induces exon skipping in the
phenylalanine hydroxylase gene in phenylketonuria. Hum Genet 2001;108:14-9.

[125] Liu HX, Cartegni L, Zhang MQ, Krainer AR. A mechanism for exon skipping caused
by nonsense or missense mutations in BRCAT1 and other genes. Nat Genet 2001;27:55—
8. doi:10.1038/83762.

[126] Badman MK, Koester A, Flier JS, Kharitonenkov A, Maratos-Flier E. Fibroblast
growth factor 21-deficient mice demonstrate impaired adaptation to ketosis.
Endocrinology 2009;150:4931-40. doi:10.1210/en.2009-0532.

55



[127] Koene S, de Laat P, van Tienoven DH, Vriens D, Brandt AM, Sweep FCGJ, et al.
Serum FGF21 levels in adult m.3243A>G carriers: clinical implications. Neurology
2014;83:125-33. doi: 10.1212/WNL.0000000000000578.

[128] Vandanmagsar B, Warfel JD, Wicks SE, Ghosh S, Salbaum JM, Burk D, et al.
Impaired Mitochondrial Fat Oxidation Induces FGF21 in Muscle. Cell Rep
2016;15:1686-99. doi:10.1016/j.celrep.2016.04.057.

[129] Khan NA, Nikkanen J, Yatsuga S, Jackson C, Wang L, Pradhan S, et al. mMTORC1
Regulates Mitochondrial Integrated Stress Response and Mitochondrial Myopathy
Progression. Cell Metab 2017;26:419-428.e5. doi:10.1016/j.cmet.2017.07.007.

[130] Pereyra AS, Hasek LY, Harris KL, Berman AG, Damen FW, Goergen CJ, et al. Loss
of cardiac carnitine palmitoyltransferase 2 results in rapamycin-resistant, acetylation-
independent hypertrophy. J Biol Chem 2017;292:18443-56.
doi:10.1074/jbc.M117.800839.

[131] Davis RL, Liang C, Edema-Hildebrand F, Riley C, Needham M, Sue CM. Fibroblast
growth factor 21 is a sensitive biomarker of mitochondrial disease. Neurology
2013;81:1819-26. doi:10.1212/01.wnl.0000436068.43384.ef.

[132] Durka-Kesy M, Stepien A, Tomczykiewicz K, Fidzianska A, Niebrdj-Dobosz I,
Pastuszak Z. [Myopathy in the course of carnitine palmitoyltransferase II deficiency].
Neurol Neurochir Pol 2012;46:600-2.

[133] Shinohara M, Saitoh M, Takanashi J, Yamanouchi H, Kubota M, Goto T, et al.
Carnitine palmitoyl transferase II polymorphism is associated with multiple syndromes

of acute encephalopathy with various infectious diseases. Brain Dev 2011;33:512-7.
doi:10.1016/j.braindev.2010.09.002.

[134] Yasuno T, Kaneoka H, Tokuyasu T, Aoki J, Yoshida S, Takayanagi M, et al.
Mutations of carnitine palmitoyltransferase II (CPT II) in Japanese patients with CPT II
deficiency. Clin Genet 2008;73:496-501. doi:10.1111/.1399-0004.2008.00986.x.

[135] Boerkoel CF, Exelbert R, Nicastri C, Nichols RC, Miller FW, Plotz PH, et al. Leaky
splicing mutation in the acid maltase gene is associated with delayed onset of
glycogenosis type II. Am J Hum Genet 1995;56:887-97.

[136] Kishnani PS, Hwu W-L, Mandel H, Nicolino M, Yong F, Corzo D, et al. A
retrospective, multinational, multicenter study on the natural history of infantile-onset
Pompe disease. J Pediatr 2006;148:671-6. doi:10.1016/j.jpeds.2005.11.033.

[137] ACMG Work Group on Management of Pompe Disease, Kishnani PS, Steiner RD,
Bali D, Berger K, Byrne BJ, et al. Pompe disease diagnosis and management guideline.
Genet Med Off J] Am Coll Med Genet 2006;8:267—88.
do1:10.109701.gim.0000218152.87434.13.

[138] van den Hout HMP, Hop W, van Diggelen OP, Smeitink JAM, Smit GPA, Poll-The
B-TT, et al. The natural course of infantile Pompe’s disease: 20 original cases compared
with 133 cases from the literature. Pediatrics 2003;112:332—40.

56



[139] Weinstein I, Cook GA, Heimberg M. Regulation by oestrogen of carnitine
palmitoyltransferase in hepatic mitochondria. Biochem J 1986;237:593-6.

[140] Amalfitano A, Bengur AR, Morse RP, Majure JM, Case LE, Veerling DL, et al.
Recombinant human acid alpha-glucosidase enzyme therapy for infantile glycogen

storage disease type II: results of a phase I/II clinical trial. Genet Med Off J] Am Coll
Med Genet 2001;3:132—8. doi:10.109700125817-200103000-00007.

[141] van der Ploeg AT, Clemens PR, Corzo D, Escolar DM, Florence J, Groeneveld GJ, et
al. A randomized study of alglucosidase alfa in late-onset Pompe’s disease. N Engl J
Med 2010;362:1396-406. doi:10.1056/NEJMo0a0909859.

[142] Roe CR, Yang B-Z, Brunengraber H, Roe DS, Wallace M, Garritson BK. Carnitine
palmitoyltransferase II deficiency: successful anaplerotic diet therapy. Neurology
2008;71:260—4. doi:10.1212/01.wnl.0000318283.42961..e9.

[143] Bonnefont J-P, Bastin J, Behin A, Djouadi F. Bezafibrate for an inborn mitochondrial
beta-oxidation defect. N Engl J Med 2009;360:838—40. doi:10.1056/NEJMc0806334.

57



9. Theses

1. In myopathic CPT II deficiency attacks of myalgia, myoglobinuria and muscle weakness
were frequently observed. These attacks were triggered predominantly by physical

exhaustion. Other triggers were infection, prolonged fasting and cold exposure.

2. Although myopathic CPT II deficiency was previously also referred as adult onset, the
majority of patients (95%) had early onset (childhood or adolescence).

3. Despite cramps being previously excluded as symptoms of CPT II deficiency occurrence
of cramps in about one fourth patients in our collective suggest that cramps are not rare in

CPT Il deficiency.

4. Painkillers such as Ibuprofen could frequently initiate the attacks by transiently

decreasing the carnitine content in CPT II deficient patients.

5. Severe cases with kidney failure needing dialysis are not that rare in ‘mild’ form of CPT

IT deficiency.

6. Patients with high fat content in the body are in risk of having more frequently attacks

than patients with normal fat content.

7. Total CPT activity (CPT I + CPT II) is normal in CPT deficient patients but residual

activity upon malonyl COA and Triton X seems to be considerably reduced.

8. Prolonged physical stress, infections and exposure to cold might be related to a changed

thermal stability of the mutated enzyme.

9. Apart from other skeletal muscles that are consistently in use during physical activities
and exercise (legs, arms, and trunk), facial musculature involvement could also be

observed in CPT II deficiency.

10. Manifesting heterozygotes with only one mutation and intermediate CPT II residual
activity also show typical symptoms upon physical exercise. Mainly, person involved in

physical works and athletes are more prone to such attacks.
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11. Myopathic CPT II deficiency is not considered a life threatening severe disease and the
patients could live a rather normal life. In between the attacks, the patients generally do

not suffer any difficulty.

12. Complete body rest and carbohydrate supplement seem to mitigate the symptoms during

and after the attacks

13. Unlike increased mitochondrial biomarker FGF-21 levels in CPT II deficient knockout

mice, levels of FGF-21 in serums of CPT II patients is within normal range.

14. A genotype-phenotype correlation could not be established in CPT II deficiency.
However, fasting as triggering factor was reported more frequently in patients with

truncating mutations on at least one allele.

15. In comparison to frequently suffered permanent weakness in glycogen metabolism
diseases (late onset GSD II and GSD V), permanent weakness in CPT II deficient patients

is rare.
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11. Appendix

Appendix 1: List of known Mutations in CPT2 Gene. Mutations identified in our cohort are
marked red, novel mutations are in bold cases. Intronic mutations are marked with asterisk.
Intronic mutations other than those identified in our cohort are marked blue.
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Appendix 2: Questionnaire for assessment of clinical aspects in sub group of 13 patients that
participated in a questionnaire based retrospective survey

Questionnaire for Patients with CPT II-deficiency

Date:
Patient: Date of Birth:
Height: Weight: BMI:
Serum triglyceride Normal o Elevated o (if elevated, how high?)
Serum Cholesterol Normal o Elevated O

(if elevated, how high?)

Did you experience attacks involving muscle difficulties? Yes O No O

If yes, when did you experience the first attack?

How frequently do the attacks occur?

Only once O
Multiple attacks O
Total number of attacks:

When multiple attacks in a year, number of attacks in last year:
in last month:

Which of the following disabilities occur during attacks?

always sometimes never
Muscle pain i o i
Cramps O O i
Muscle weakness O O O
Heaviness O O O
Swelling o o O
Stiffness O O O
Tenderness O O O
Brown colored Urine O O O
Dialysis O O i
Other disabilities O O O
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10.

If yes, which?

Which of these symptoms resulted in severe disability?

Are the disabilities predictable?

Yes, exactly O
Yes, somewhat O
Less predictable O

If muscle pain, muscle cramps or muscle weaknesses occur, which region of the body is
affected by these symptoms?

Face O Thighs ]
Shoulder O Calves o
Upper arm O Trunk /Back ]
Lower arm O Hip area ]

Please allocate the intensity of pain in an ascending scale of 1 to 10.
(1: lowest intensity, 10: maximal intensity)

During regular attack lo 2o 30 40 5o 6o 7o 8o 9o 100
During weakest attack lo 2o 3o 4o 5o 60 70 8o 9o 10O
During most severe attack lo 2o 30 4o 5o 6o 7o 8o 9o 100

For how long are the muscle pain, cramps, and weakness persistent?

Less than 1 hour
1-4 hours

4-12 hours
12-24 hours

1-3 days

1 week

1 month

O oOooooogoo o

More than 1 month
If brown colored urine was observed, for how long did it persist?

Few hours

One whole day long
Up to 3 days

Up to 1 week

o o o o
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11.

Longer than 1 week i

What were the triggers for attacks?

Yes No

Physical exertion for less than 15 minutes

Example:

Physical exertion for 15-60 minutes
Example:

Physical exertion for 1-4 hours
Example:

Physical exertion for a whole day
Example:

Physical exertion for multiple days
Example:

Infection
Which:

Exposure to cold
Fasting/ skipped meal
Substantially fatty meals
Less Fluid intake
Menstruation

Medicines
If yes, which medicine(s)?

Psychological stress
If yes, which?
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12.

13.

14.

15.

16.

17.

Other triggers m ]
If yes, which?

Estimated number of attacks, they were triggered by

One trigger
More triggers
Without any apparent trigger

At what time interval of physical activities do the attacks take place?

During the activity
Few hours afterwards
Next day

After few days

O o o o

Are the attacks avoidable or are they less pronounced by taking food just before
physical activity?

Yes O No O
If yes, is there any specific food that you preferably take before physical activity?

How frequently do you take meals?
2x daily O 3xdaily o 4xdailly o minimum 5x daily O

Have you noticed a threshold physical activity that you should not exceed to avoid
attacks? Could this reduce the frequency of attacks?

Yes O No O

Do you play sport? Yes O No i
If yes, how frequently?

Daily

Multiple times per week
Once per week

Every few weeks

o oo o
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18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Which sport(s)?

Did you give up sports due to difficulties /ailment? Yes O No O
If yes, which sport(s)?
Are difficulties or symptoms persistent outside of attacks?

Yes O since when?
No O

If yes, which difficulties?

Muscle pain |
Muscle cramps o
Muscle weakness o
Others o which?
Do you regularly take medicines? Yes O No i

If yes, which medicine(s)?

Do you take Ibuprofen, Valproin acid or Diazepam? Yes ] No
If yes, only during attacks o or permanently O

Do you suffer from headache? Yes O No i

If yes, is migraine diagnosed? Yes O No o

Do you suffer from any other diseases (e.g. Diabetes)? Yes O No

If yes, which disease(s)?

Have you got general anesthesia, at least once? Yes O No i
If yes, were specific difficulties experienced during anesthesia?

Yes O No O
If yes, which specific difficulty?

Were more intense attacks seen during pregnancy? Yes O No i

Were any complications seen during delivery or did you experience any attacks?

What type of complication?

During the course of the disease, the disabilities during attacks have:
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28.

29.

30.

31.

32,

33.

34.

35.

36.

37.

Decreased o Increased O Remained same O

Have the disabilities led you unable to work?

Never O
Few times O
Frequently o

Were you forced to change your profession due to the disease?
Yes O No O

When did you first start looking for the diagnosis of your disease?

Date of final diagnosis?

How many physicians did you visit to get the final diagnosis done?

What was the specialization of those physicians?

Was a muscle biopsy done? Yes O No i
If yes, where and when was it done?
How was the diagnosis done?

Genetic investigation mi
Biochemical investigation o
Unknown O
Are your other family members also affected? Yes O No

If yes, who else is affected?

Are your parents Consanguine (blood relatives)? Yes O No

Are you in a regular supervision of a neurologist? Yes O No
Who is your supervising neurologist?

69



38.

39.

40.

41.

42,

Are you in a regular supervision of a General practitioner?
Yes 0ONo O
Who is your supervising General practitioner?

Do you take pain Kkillers against the muscle pain during the attacks?
Yes O No o

If yes, how frequently?

Which pain killer?

Do you observe a different treatment for the symptoms? Yes o0 No O
If yes, which?

Do you practice other methods to pacify disabilities during attacks? Yes o No
Which methods?

Complete body rest
Warmth

Carbohydrate supplement
Fluids supplement

Other

Do you observe special diet? Yes O No ]
If yes, what kind of diet?

O oo g
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