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Abstract Objective: Barth syndrome is an X-linked
recessive disorder characterized by dilated cardiomyopathy,
neutropenia, 3-methylglutaconic aciduria, abnormal mito-
chondria, variably expressed skeletal myopathy, and growth
delay. The disorder is caused by mutations in the tafazzin
(TAZ/G4.5) gene located on Xq28. We report a novel
exonic splicing mutation in the TAZ gene in a patient with
atypical Barth syndrome.

Patient & Methods: The 4-month-old proband presented
with respiratory distress, neutropenia, and dilated cardiomy-
opathy with reduced ejection fraction of 10%. No
3-methylglutaconic aciduria was detected on repeated urine
organic acid analyses. Family history indicated that his
maternal uncle died of endocardial fibroelastosis and dilated
cardiomyopathy at 26 months. TAZ DNA sequencing,
mRNA analysis, and cardiolipin analysis were performed.
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Results: A novel nucleotide substitution c.553A>G in
exon 7 of the TAZ gene was identified in the proband,
predicting an amino acid substitution p.Met185Val. How-
ever, this mutation created a new splice donor signal within
exon 7 causing mis-splicing of the message, producing two
messages that only differ in the presence/absence of exon 5;
these retain intron 6 and have only 11 bases of exon 7.
Cardiolipin analysis confirmed the loss of tafazzin activity.
The proband’s mother, maternal aunt, and grandmother
carry the same mutation.

Conclusions: The identification of a TAZ gene mutation,
mRNA analysis, and monolysocardiolipin/cardiolipin ratio
determination were important for the diagnosis and genetic
counseling in this family with atypical Barth syndrome that
was not found to be associated with 3-methylglutaconic
aciduria.

Abbreviations
3-MGCA 3-methylglutaconic acid
BNP Brain natriuretic peptide
BTHS Barth Syndrome
hs-CRP High sensitivity C-reactive protein
MLCL/CL Monolysocardiolipin/cardiolipin
TAZ Tafazzin

Introduction

Barth syndrome (OMIM 302060, BTHS), first described in
1983 by Barth and colleagues, is manifested clinically by an
array of characteristics varying in severity and presentation
including dilated cardiomyopathy, skeletal muscle weakness,
growth delay with delayed puberty, and neutropenia (Barth
et al. 1983; Kelley et al. 1991). Other features include
abnormal mitochondria associated with the reduced concen-
tration and altered composition of cardiolipin, hypocholes-
terolemia, and elevated urinary levels of 3-methylglutaconate
(3-MGCA), 3-methylglutarate, or 2-ethylhydracrylate
(Kelley et al. 1991; Schlame and Ren 2006). Considerable
variability in the age of onset and progression of the disease
is observed, and while mortality is highest during the first 4
years, the survival curve for BTHS patients has improved
thanks to discovery of the gene (Bione et al. 1996) and
to earlier detection and treatments. While previous reports
(Barth et al. 2004) cited lifespan peaking at puberty, a current
update cites much reduced mortality leading to extended
lifespan (Clarke et al. 2013).

Barth syndrome is associated with mutations in the TAZ
(Tafazzin) gene located on chromosome Xq28; this gene
produces four main transcripts: full length, delta5 (lacking
exon 5), delta7 (lacking exon 7), and delta5/7 (lacking both
exons 5 and 7) (Gonzalez 2005). We report a case of BTHS
caused by an exonic splice mutation in exon 7 of the TAZ

(or G4.5) gene; this case lacks the characteristic 3-methyl-
glutaconic aciduria.

Patients and Methods

The proband of German/Irish descent was first brought to the
emergency room at the age of 7 weeks with shortness of
breath, tachypnea, tachycardia, and cyanosis. Upon physical
examination, he had microcephaly (HC ¼ 37 cm, < 3rd
percentile) and short stature (Height ¼ 57 cm, 3rd percentile;
Weight ¼ 3.89 kg, 10th–25th percentile) with no craniofacial
dysmorphic features or other notable organomegaly. A chest
x-ray revealed significant cardiomegaly, while an echocar-
diogram demonstrated a dilated left ventricle with an ejection
fraction of only 10%. A second echocardiogram at 11 weeks
confirmed the presence of severe systolic dysfunction of the
dilated left ventricle. Additionally, there was moderate
dilation of the left atrium, moderate insufficiency of the
mitral valve, and mild tricuspid valve insufficiency at high
velocity, which indicated a moderate degree of pulmonary
hypertension. Further work-up disclosed normal liver func-
tion tests with normal levels of lactate, glucose, and
electrolytes. Acetylcarnitine levels were found to be elevated
(35.01 umol/L, normal: 1.62–16.06) and plasma amino
acids, namely, Ala, Val, Leu, Ile, Lys, and Trp, were slightly
below the lower limit of normal; however, these were due to
levocarnitine supplementation and reduced protein intake.
Multiple urine organic acid analyses did not demonstrate any
abnormalities, even with special attention paid to assess for

Fig. 1 An echocardiogram displaying severe left ventricular and
atrial dilation. LA left atrium, LV left ventricle, RA right atrium,
RV right ventricle
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3-methylglutaconic, 3-methylglutaric, and 2-ethylhydracrylic
aciduria. A complete blood cell count displayed a low white
blood cell count (3.3 K/uL, normal 4.9–17.8) and mild
neutropenia (15.4%, normal: 17–65% of WBC; absolute
neutrophil count: 508), while normal levels of CPK and MB
CPK were obtained. Additionally, B-type natriuretic peptide
was greater than 5,000 (normal: <100 pg/mL), and Troponin
I and high sensitivity CRP were found to be very high.

Over the next 5 months, our proband’s condition
worsened until he received a heart transplant from a 17-
month-old donor. An echo performed a week prior to his
surgery showed severe dilation of the left atrium and
ventricle with global severe depression of left ventricular
function and wall motion, severe mitral valve regurgitation,
and an ejection fraction of less than 20% (Fig. 1), while an
echo the day of his surgery additionally revealed a normal
aorta, a dilated mitral valve annulus, regurgitation of both
the mitral and tricuspid valves, and an ejection fraction of
<10%. His final pre-transplant chest x-ray reported

persistent cardiomegaly with a known dilated left atrium
and mild pulmonary edema (data not shown).

He successfully underwent cardiac transplantation, and
at 2 months post-transplant, his echocardiogram showed
normal left ventricular size with increased wall thickness,
normal wall motion and systolic function, normal right
ventricular size and systolic function, an ejection fraction of
64%, and abnormal septal motion consistent with a post-
cardiac transplant heart. His chest x-ray showed stable
cardiomediastinal structures, right parahilar subsegmental
atelectasis, and normal lung aeration. His laboratory
investigations (also at 2 months post-transplant) showed a
brain natriuretic peptide (BNP) of 43 (normal: <100 pg/mL);
a high sensitivity C-reactive protein (hs-CRP) of 0.3 (low
risk: <1.0 mg/L); a completely normal electrolyte panel, an
HA1c of 4.7 (normal: 4.4–5.9); a normal kidney panel with
slightly elevated alkaline phosphatase of 158 (normal:
31–103 U/L); and a normal complete blood count with
exceptions, including a neutrophil percent of 11.6% (normal:
40.1–75.9%) and an absolute neutrophil count of 0.5
(normal: 1.3–7.0 � 103/uL). For his neutropenia, following
sampling of his bone marrow, he was started on GCSF
treatments of 20 mcg SC 3x/week; 5 mcg/kg/dose. Post-
transplant urine organic acid analysis at a second trustworthy
lab again failed to demonstrate any 3-methylglutaconic,
3-methylglutaric, or 2-ethylhydracrylic aciduria.

The explanted heart weighed 64 g. There was non-
compaction of the left ventricle with secondary endocardial
fibroelastosis confirmed by trichrome stain and normal
glycogen content confirmed with PAS stain with and
without diastase (Figs. 2, 3, and 4). Electron micrographs

Fig. 2 Cross sections from the 64.0 g explanted heart exhibit prominent
trabeculations involving greater than 50% of the left ventricular wall
thickness. Also note thickened fibroelastotic endocardium

Fig. 3 Hematoxylin- and eosin-stained section of left ventricle shows
hypertrophic cardiac myocytes (x10)

Fig. 4 This photomicrograph shows significantly thickened endocar-
dium with duplication of elastic fibers (red) and collagen fibers (blue)
highlighted with Trichrome-EVG stain (Elastic Van Gieson Stain).
(x10). In general, the normal endocardium has fewer than five layers
of elastic fibers
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revealed marked myofibrillar disarray; widening of Z-bands;
and fragmented, disorganized, intercalated disks. Loss of
myofibrils with perinuclear pools of glycogen particles
were noted, and his mitochondria showed marked variation
in size, shape, and cristae. Additionally, many greatly
enlarged mitochondria (giant forms) displayed stacks of
closely packed cristae or had tubular or concentric cristae,
and intramitochondrial glycogen was frequently noted
(Fig. 5a–d).

Upon review of the family history, the proband has no
siblings, and other notable phenotypes include a maternal
uncle who displayed similar symptoms to the proband
before his death at 2 years old. Examination of the uncle’s
past medical records revealed an initial admission for
respiratory distress, fever, and diaphoresis at 5 months of
age. A chest x-ray and echocardiogram displayed cardio-
megaly with increased pulmonary vascular markings and
poor function of the left ventricle resulting in a diagnosis of
endocardial fibroelastosis. All growth measurements were

noted below the 5th percentile at that time. Subsequent
admissions to the hospital over the next year and a half
revealed an EKG displaying tall R waves and inverted T
waves, gastroenteritis, mild generalized hypotonia, jerking
movements of the head, severe failure to thrive, pneumonia
and eventual cardiac arrest, coma and severe encephalopa-
thy before his death. Genetic testing was not available at the
time of his death, and it is uncertain if urine organic acid
analysis was performed. Our proband also had a second
maternal aunt who was found to have a very unusual right
hypoplastic heart complex and received a prostaglandin E1
infusion. Cardiac findings included tricuspid stenosis,
pulmonary valve atresia, a small hypertrophied right
ventricle, marked left ventricular hypertrophy, and an atrial
septal defect. A Gore-Tex shunt from the right subclavian
to the right pulmonary artery was created and she was
discharged on post-operation day 7. At 2½ months of age,
she was readmitted with cyanotic heart disease and expired
despite massive resuscitative efforts. Unfortunately, no

Fig. 5 (a) Noticeable onion skinning of the mitochondrial cristae,
fusion of intracristae inner mitochondrial membrane preventing
transport, and marked variation in size of mitochondria. (b) Note

many inclusions of glycogen in intramitochondrial vacuoles replacing
sarcomeres. (c, d) Notice disorganized stacks of cristae, intramito-
chondrial glycogen, and glycogen surrounding mitochondria
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karyotype analysis appears to have been done and we
were not able to conduct any further studies on her due to
unavailability of saved frozen tissue.

Results

Mutation analysis for the tafazzin gene (OMIM 300394,
TAZ) in our proband revealed a novel adenine to guanine
transition mutation at position c.553 in exon 7, resulting in
a predicted p.Met185Val amino acid substitution. Family
studies showed that the proband’s mother, maternal aunt,
and grandmother carry the same mutation (Figs. 6, 7).
Subsequent bioinformatic analyses by both PolyPhen-2 and
PANTHER algorithms (http://genetics.bwh.harvard.edu/pph/;
http://www.pantherdb.org/tools/csnpScoreForm.jsp) pre-
dicted that this sequence alteration would be deleterious.
The substitution c.553A>G found in the proband was not
observed in 115 X chromosomes from 81 ethnically matched
control subjects (47 males and 34 females); it is also known
that methionine is evolutionarily conserved at position 185 in
all vertebrate classes and many invertebrate classes as well.
However, SplicePort analysis (http://spliceport.cs.umd.edu;
Dogan et al. 2007) predicted that c.553A>G generates a
strong splice donor signal within exon 7 which would result
in a truncated protein; this was supported by another splice
site prediction tool (http://www.fruitfly.org/seq_tools/splice.
html). To determine whether this mutation leads to amino
acid substitution or to mis-splicing, we obtained RNA from
the patient’s lymphoblast cell line. RT-PCR with labeled
primers showed only two abnormally sized TAZ mRNA
fragments instead of the four known splice variants. The RT-
PCR fragments were subjected to capillary electrophoresis
separation to obtain precise fragment sizing and were also
sequenced. These analyses showed two main mRNAs
differing in the presence/absence of exon 5, both of which
retain intron 6 and use a new splice donor site within exon 7

after only 11 bases of the exon. Thus, c.553A>G results in
r.[541+1_542-1ins;r.553_583del]; p.Lys182Glnfs*4 (Fig. 8).

Biochemical testing for monolysocardiolipin/cardiolipin
(Kulik et al. 2008; Houtkooper et al. 2009) was performed
in order to confirm the loss of tafazzin activity. The
MLCL/CL results are shown in Fig. 9, yielding an m/z
582.4 to m/z 723.5 ratio of 91, consistent with BTHS.

Discussion

The c.553A>G exonic splice mutation is being reported for
the first time and is considered to be a pathogenic mutation
for the following reasons: (a) abnormal splicing of the TAZ
message, (b) abnormal MLCL/CL ratio, (c) absence of this
change in 115 control chromosomes, and (d) family history
of an early male infant death.

If this single base pair change resulted in p.Met185Val,
it would only affect splice variants that contain exon 7 (full
length and delta 5). Instead, this mutation generated a
strong donor splice signal within exon 7 causing retention
of intron 6 and partial deletion of exon 7 (r.[541+1_542-1ins;
r.553_583del]), resulting in p.Lys182Glnfs*4. BTHS-causing
mutations have been found in all TAZ exons, and known
mutations include small deletions and insertions, termination
mutations, and splice signal mutations. The Human Tafazzin
(TAZ) Gene Mutation and Variation Database lists only one
other exonic splice mutation (http://www.barthsyndrome.org/).

To date, no clear genotype-phenotype correlation has
emerged (Bione et al. 1996; D’Adamo et al. 1997; Johnston
et al. 1997; Sakamoto et al. 2001; Chen et al. 2002; Roberts
et al. 2012). In fact, to the authors’ best knowledge, there
is also no clear genotype-phenotype correlation between
the six reported cases of Barth syndrome not displaying
3-methylglutaconic aciduria (Table 1). There is significant
variation in the severity of presentation between the patients
as noted in the table, with varying degrees of neutropenia –
heart defects and outcome with three patients passing
before the age of 5 months and three patients still alive at
publication. However, it is noted that BTHS not displaying
elevated 3-MGCA may be more common than reported, in
that there is considerable variability in laboratory methods
used to detect 3-MGCA. There is also noteworthy
variability seen in two very similar cases reported by Brady
et al. in 2006 and Sakamoto et al. in 2002. Brady presented
a proband with an Arg94His missense mutation in exon 3
with dilated cardiomyopathy, neutropenia, and no organic
aciduria leading to death within 12 days, while Sakamoto
reported an Arg94Ser missense mutation in exon 3 in a
functioning 17-year-old boy with cardiac manifestations,
organic aciduria, and a normal neutrophil count. However,

Fig. 6 A pedigree of our family with atypical Barth syndrome. Filled
symbols indicate clinically affected individuals; open symbols indicate
unaffected individuals; a slash through a circle or square indicates
a deceased individual; symbol with “?” indicates an individual who
did not have clinical evaluation and genetic testing; squares indicate
males; circles indicate females. The proband patient is marked with an
arrow
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Fig. 8 (Top) TAZ gene diagram showing mutation location and its effect on splicing. (Bottom) Processed mRNA including complete intron 6
retention and only 11 bases of exon 7

Fig. 9 MLCL and CL analysis performed on patient lymphoblast cell
line shows the monolysocardiolipin and cardiolipin profiles with their
characteristic doubly charged ions. The ratio of monolysocardiolipin/

cardiolipin species is strongly increased as compared to normal
controls (see Houtkooper et al. 2009). m/z mass/charge

Fig. 7 TAZ sequencing of the family members revealed that the proband’s mother, maternal aunt, and grandmother all carry the c.553A>G
substitution
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it is possible that Brady’s proband may have deceased
before 3-methylglutaconic acids could be detected, or that
the difference is due to the different amino acid substitu-
tions in their cases.

While Bione had predicted that tafazzins may function
as membrane anchors or soluble cytoplasmic proteins
(Bione et al. 1996), more recent studies have demonstrated
that they are phospholipid acyltransferases involved in
the acyl-specific remodeling of cardiolipin (Vreken et al.
2000; Valianpour et al. 2002; Schlame et al. 2002).
Tetralinoleoyl cardiolipin is a phospholipid found in the
inner membrane of mitochondria that is essential for
mitochondrial membrane structure and correct insertion
and function of electron transport components; it has been
shown that incorrect remodeling due to mutated tafazzin
may compromise the assembly and stability of the electron
transport chain (Schlame et al. 2000). Thus, the resultant
mitochondrial dysfunction is an underlying mechanism of
the skeletal and cardiac myopathy seen in Barth syndrome.
This is supported by Drosophila studies where Taz mutants
showed an 80% reduction in cardiolipin, abnormal mito-
chondria, and weakness in their indirect flight muscles
(Xu et al. 2006).

However, the complex array of symptoms seen in
patients with BTHS is much more sophisticated than a
breakdown in energy metabolism, and continued research is
imperative in determining the function of multiple tafazzin
proteins and in elucidating the pathogenesis of BTHS.
Further, the variability in presentation and severity of the
syndrome not only suggest that multiple factors during
multiple time periods may be influencing the expression of
the phenotype. For example, TAZ expression has been
found to decline with age, suggesting that tafazzins may be
more essential during fetal and early postnatal periods

(Marziliano et al. 2007; Malhotra et al. 2009). Intrafamilial
phenotypic variability and the variability between families
that carry the same mutation further suggest that there are
modifier genes that modulate severity (Malhotra et al. 2009;
Steward et al. 2010).

Conclusion

We have presented a novel substitution mutation in the TAZ
gene that is associated with an atypical presentation of
BTHS lacking one of the cardinal signs: 3-methylgluta-
conic aciduria. There have only been five other patients
reported in the literature possibly because (a) it truly is a
rare variant of Barth syndrome or (b) its actual prevalence
is presented falsely low either because of variability in
lab methods, or because molecular testing for mutations
in the TAZ gene or biochemical testing of urine organic
acids are not considered by health providers. These six
cases highlight the current lack of genotype-phenotype
correlation. Tafazzin gene mutations are now recognized
(Barth et al. 2004; Steward et al. 2010; Roberts et al. 2012)
as being implicated in a spectrum of cardiac presentations
that include endocardial fibroelastosis, isolated non-
compaction of left ventricular myocardium, hypertrophic
cardiomyopathy, ventricular arrhythmia, which are also
part of syndromes caused by various other genes. The
variability in clinical presentation and severity complicate
early recognition and may lead to underdiagnosis (Cantlay
et al. 1999; Barth et al. 1999; Spencer et al. 2006; Steward
et al. 2010) delaying appropriate treatment for BTHS
patients. We propose that every male child with dilated
cardiomyopathy should be tested for Barth syndrome.

Table 1 Clinical presentation among 6 reported cases of BTHS
without 3-methylglutaconic aciduria. Values for 3-methylglutaconic
acid levels were only available for the first two cases. A minus sign
indicates that no elevation of 3MGCA was observed; normal range

is 2-12 mmol/mol creatinine. The mutation of the 6th patient,
initially described by Gedeon et al. 1995, was identified by D'Adamo
et al. 1997.

Mutation
Dilated
cardiomyopathy Neutropenia

3-methylglutaconic
aciduria

Age at report
or death (D) Source

c.553A>G, p.Lys182Glnfs*4 + + 6 mmol/mol creatinine A (3 y/o) Current report

c.589G>A, p.Gly197Arg + + (transient) <10 mmol/mol
creatinine

D (4.5 m/o) Schmidt et al. 2004

c.589G>A, p.Gly197Arg + + – A (4.5 y/o) Bleyl et al. 1997

c.281G>A, p.Arg94His + + – D (0.5 m/o) Brady et al. 2006

c.605_608del, p.Glu202Valfs*15 – + – A (11 y/o) Marziliano et al. 2007

Mapped to Xq28c.634delC,
p.Leu212Cysfs*6

+ – – D (5 m/o) Gedeon et al. 1995
D'Adamo et al. 1997
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Synopsis

We present a novel exonic splicing mutation in the
TAZ gene in a patient with an atypical presentation of
Barth syndrome lacking one of the cardinal signs:
3-methylglutaconic aciduria.
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