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Propionic acidemia as a cause of adult-onset dilated
cardiomyopathy
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Dilated cardiomyopathy (DCM) is extremely heterogeneous with a large proportion due to dominantly inherited disease-causing
variants in sarcomeric genes. Recessive metabolic diseases may cause DCM, usually with onset in childhood, and in the context
of systemic disease. Whether metabolic defects can also cause adult-onset DCM is currently unknown. Therefore, we performed
an extensive metabolic screening in 36 consecutive adult-onset DCM patients. Diagnoses were confirmed by Sanger sequencing
and multiplex ligation-dependent probe amplification (MLPA). Measurement of propionyl-CoA carboxylase (PCC) activity was done
in fibroblasts. Whole exome sequencing (WES) data of 157 additional DCM patients were analyzed for genetic defects. We found
a metabolic profile characteristic for propionic acidemia in a patient with severe DCM from 55 years of age. Genetic analysis
demonstrated compound heterozygous variants in PCCA. Enzymatic activity of PCC in fibroblasts was markedly reduced.

A targeted analysis of the PCCA and PCCB genes using available WES data from 157 further DCM patients subsequently
identified another patient with propionic acidemia. This patient had compound heterozygous variants in PCCB, and developed
severe DCM from 42 years of age. Adult-onset DCM can be caused by propionic acidemia, an autosomal recessive inheritable
metabolic disorder usually presenting as neonatal or childhood disease. Current guidelines advise a low-protein diet to ameliorate
or prevent detrimental aspects of the disease. Long-term follow-up of a larger group of patients may show whether this diet
would also ameliorate DCM. Our results suggest that diagnostic metabolic screening to identify propionic acidemia and related
disorders in DCM patients is justified.
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INTRODUCTION

Dilated cardiomyopathy (DCM) is a cardiac condition characterized
by dilatation of either the left ventricle or both ventricles and systolic
dysfunction. DCM has an estimated prevalence of 1:250 and is one of
the main causes of heart failure that requires heart transplantation.
After prevalent causes such as coronary artery disease, valvular disease,
congenital heart disease and hypertension have been excluded, DCM
comprises a number of incompletely defined etiologies including
cardiac inflammation with or without infectious agents, cytotoxic
medication or drugs, arrhythmias and genetic causes. In some patients
multiple etiologies combine in a multifactorial pathogenesis.' More
than 25% of DCM patients remain ‘idiopathic’ after extensive
diagnostic investigations.* Overall, in 20-48% of DCM patients their
disease is familial>” and over 50 DCM disease genes are currently
known.® Genetic forms of DCM usually have autosomal dominant
inheritance with reduced penetrance.> A small fraction is due to an
X-linked, autosomal recessive or mitochondrial inheritance pattern.9
Some of these recessive genes are involved in metabolic processes,

including the mitochondrial proteins Tafazzin'® and SDHA!!' and the
glycosylation genes DOLK'? and FKTN."> Of note, in patients with
metabolic disease, the onset of DCM is usually in the neonatal or
childhood period. The contribution of metabolic disease to adult-
onset DCM is currently unknown. We therefore searched for
metabolic defects in a cohort of adult-onset DCM patients using an
extensive metabolic screen.

METHODS
Patient recruitment
Patients with initially unexplained heart failure caused by DCM were enrolled
in the Maastricht Cardiomyopathy Registry, as previously described.*
A complete diagnostic work-up included a.o. medical history, 12-lead electro-
cardiogram, echocardiography and Holter monitoring. After informed consent,
an endomyocardial biopsy (EMB) and genetic evaluation was performed in all
patients. Detailed inclusion and exclusion criteria are given in Supplementary
Methods.

Starting in January 2015, an extensive metabolic screen using blood and
urine samples was performed for 36 consecutive DCM patients to identify
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metabolic diseases. A targeted analysis of data from WES was then performed
for a further 157 consecutive DCM patients in order to identify patients with
propionic acidemia due to defects in PCCA or PCCB (Supplementary Figure 1).

The patients gave informed consent for this study and for publication of the
results. The study was approved by the Institutional Review Board (RVE
124013).

Echocardiography

Echocardiographic measurements were performed in the standard parasternal,
apical and subxiphoid views.!* The measured parameters included left
ventricular end-diastolic diameter (LVEDD), LV end-systolic diameter and
the end-diastolic thickness of the interventricular septum and of the LV
posterior wall. The left ventricular ejection fraction (LVEF) was measured with
Simpson’s biplane method from apical views to assess global LV systolic
function.

Endomyocardial biopsy

Six EMB samples were taken from the right ventricle as described in
Supplementary Methods. In short, 2—3 specimens were used for immunohis-
tological analysis and three for the detection of viral genomes'® using
polymerase chain reaction (PCR) and reverse transcriptase PCR analysis as
previously described.!® Six primer pairs were used to detect cardiotropic DNA
and RNA viruses (ie adenovirus, enterovirus, cytomegalovirus, Parvovirus B19,
Human herpes virus-6 and Epstein—Barr virus). Significant viral load was
defined as >500 copies per microgram DNA, as previously described.!”

Table 1 Metabolites in plasma and urine

Increased cardiac inflammation was defined as >14 infiltrating cells per
mm?, according to the definition of the World Health Organization/Interna-

tional Society and Federation of Cardiology.'®

Metabolic screening

The screening protocol included assays by which known inborn errors of
metabolism associated with cardiac could be identified
(Supplementary Tables 1 and 4). Metabolite screening in urine included
organic acids, amino acids, acylcarnitines, oligosaccharides, mucopolysacchar-
ides, sugars and polyols.'*?! The protocol in heparine plasma consisted of

involvement

amino acids, acylcarnitines, homocysteine, methylmalonic acid, guanidino
acetic acid and creatine and very long-chain fatty acids. Screening for disorders
of glycosylation was performed by sialotransferrin isoelectric focusing in

serum.??

Sequencing

Next-generation sequencing was performed on DNA from peripheral blood, for
patient 1 using custom-made single molecule Molecular Inversion Probe
(smMIP)* panels containing 47 DCM associated genes (Supplementary
Table 2), followed by multiplexed analysis on a NextSeq 500 System (Illumina)
(patient 1). For patient 2 WES was performed with Illumina Hiseq 2000
(lumina) sequencer after enrichment with SureSelectXT Human All Exon V4
+UTRs, followed by analysis of the 47 DCM associated genes (Supplementary
Table 2). Experimental details are described in Supplementary Methods.

Patient 1 Patient 1 Patient 2 Patient 2 Son of
Measurement 1 Measurement 2 Measurement 1 Measurement 2 patient 2 Ref. value

Organic acids in urine

Lactic acid 4 117 5 8 4 <37

3-hydroxypropionic acid 25 282 115 205 3 <30

2-methylcitric acid 31 21 177 191 0 <15

Methylmalonic acid 0 1 0 1 1 <6

3-hydroxy-2-methylbutyric acid 1 2 2 2 1 <10

3-hydroxy-n-valeric acid 1 4 3 7 3 <20
Glycine conjugates in urine

Propionylglycine 0.05 5.38 4.39 12.42 0.00 <0.07

Isobutyrylglycine 1.69 0.78 10.46 19.10 0.90 <0.99

Butyrylglycine 0.01 0.12 0.09 0.23 0.62 <0.16

2-methylbutyrylglycine 0.73 0.42 5.18 6.99 0.22 <0.57

Isovalerylglycine 0.60 0.30 5.63 9.22 0.46 <1.15

Valerylglycine 0.02 0.06 0.12 0.33 0.00 <0.11

Tiglylglycine 6.44 4.47 8.90 7.33 0.60 <7

3-methylcrotonylglycine 0.41 0.22 3.84 6.54 0.15 <0.48

Suberylglycine 0.03 0.02 0.10 0.18 0.01 <0.2

Hexanoylglycine 0.08 0.07 0.69 127 0.05 <0.39

Phenylpropionylglycine 0.03 0.02 0.01 0.01 0.02 <0.13
Amino acids in plasma

Glycine 487 495 1022 1105 263 147-321
Amino acids in urine

Glycine 56 416 1157 1300 129 <525
Acylcarnitines in plasma

Free carnitine 55.20 32.36 28.98 21.87 41.02 22.29-54.81

Propionylcarnitine 16.43 10.12 28.17 39.25 0.36 0.13-0.95
Acylcarnitines in urine

Free carnitine 7.21 17.73 0.96 8.33 9.13 NA

Propionylcarnitine 2.09 7.77 1.70 21.07 0.18 NA

All values are given in pmol/mmol creatinine. Aberrant values are underlined.
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For patient 1, direct sequencing of all exons within the coding region of the
PCCA (NM_000282.3) and PCCB (NM_001178014.1) gene was applied.
To test for heterozygous deletions/duplications in PCCA gene, we performed
multiplex ligation-dependent probe amplification (MLPA) using the SALSA
MLPA P278 PCCA probemix (MRC-Holland, the Netherlands) according to
the instructions of the manufacturer. Exon numbering was according to the
specifications of the manufacturer (MRC Holland, Amsterdam, the Nether-
lands). For patient 2, PCCA and PCCB were analyzed in the WES data.

All variants were submitted to the Leiden Open Variant Database (LOVD.nl/
PCCA, patient ID 104049 and LOVD.nl/PCCB, patient ID 104050).

RNA analysis

Fibroblasts were cultured in the absence or presence of cycloheximide and cell
pellets from both cultures were used to isolate RNA with the SV Total RNA
Isolation kit (Promega, Madison, WI, USA) according to the manufacturer’s
guideline and a RT-PCR was performed to amplify exons 19-24. Subsequently
these PCR products were analyzed by Sanger sequencing.

Enzyme assay
A skin biopsy was taken from both patients. Fibroblasts were cultured and used

to analyze the enzyme complex propionyl-CoA carboxylase (PCC) activity
according to the procedures described in Supplementary Methods.

RESULTS

Metabolic screening revealed propionic acidemia

Extensive metabolic screening was performed on 36 consecutive
patients of our DCM cohort. This demonstrated an abnormal
metabolic profile in a single DCM patient (patient 1). Elevated levels
of 2-methylcitric acid in urine and glycine and propionylcarnitine
were detected in plasma. A second set of measurements confirmed
elevated levels of 2-methylcitric acid, glycine and propionylcarnitine,
and also showed elevated levels of 3-hydroxypropionic acid and
propionylglycine in urine. Methylmalonic acid excretion in urine
was normal (Table 1). This metabolic profile is diagnostic for
propionic acidemia (Figure 1).2*

Propionic acidemia is caused by defects in the PCCA and PCCB
genes that encode the subunits of the PCC complex.?> DNA
sequencing detected a heterozygous PCCA frameshift variant
(c.2127delT, p.(Val710Cysfs*43)) and MLPA revealed a duplication
of exon 21 of PCCA (¢.1952_2005dup, p.(Cys616_Val633dup)). As the
mother of this patient only harbors the exon 21 duplication and
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the patient has two affected alleles, he is compound heterozygous for
the two variants (Figures 2a and 3a). Both variants are not present in
the data set of the Exome Aggregation Consortium (ExAC) (Cam-
bridge, MA, USA (URL: http://exac.broadinstitute.org), accessed July
2016), containing 60 000 individuals.2®

mRNA analysis was performed on cultured fibroblasts from the
patients. Only the ¢.2127delT variant was detected, even when the cells
were cultured in the presence of cycloheximide to prevent nonsense
mediated decay. Thus, only the allele containing the frameshift variant
was detected in RNA from fibroblasts, suggesting that the duplication
is probably a null allele. The activity of PCC in fibroblasts was
markedly reduced (two independent measurements: 0.04 and
0.08 nmol/(min.mg protein), reference range: 0.28—1.16 nmol/(min.
mg protein)). To exclude other possible genetic causes, 47 DCM
associated genes (Supplementary Table 2) were analyzed by smMIP
sequencing as part of our routine diagnostic procedure and revealed
no variants affecting function (Supplementary table 5). Altogether, the
results of the genetic and enzymatic studies confirm the diagnosis of
propionic acidemia (Supplementary Figure 2A), as was suggested by
the metabolic profile.

A genetic screen for propionic acidemia

Available genetic data from WES of all 22000 human genes was
analyzed for 157 further consecutive DCM patients, to specifically screen
for variants affecting the function of the PCCA and PCCB genes. This
uncovered another adult-onset DCM patient with propionic acidemia
(patient 2). This patient carries two variants in PCCB: c.671C>T, p.
(Ala224Val) and ¢.883_885delTTC, p.(Phe295del). Similar to patient 1,
no other variants affecting function were identified in 47 genes known
to be associated with DCM (Supplementary Tables 2 and 5). Analysis
showed that a son who does not have DCM only harbors the
¢.883_885delTTC, p.(Phe295del) variant in PCCB. This confirms that
the variants in patient 2 are in compound heterozygous state (Figures 2b
and 3b and Supplementary Table 3). The in-frame deletion is not
described in the ExAC data set, while the c.671C> T missense variant is
only found in heterozygous state in 0.002% of this cohort.® Metabolic
analysis of patient 2 confirmed propionic acidemia (Table 1).
In addition, analysis of PCC activity in his cultured fibroblasts
revealed a markedly reduced activity of 0.016 nmol/(min.mg protein)

a b
Propionicacid (gut) Valine 0Odd chain fatty acids
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Methionine
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Figure 1 Metabolic pathway of the propionyl-CoA carboxylase (PCC) complex involved in propionic acidemia. Under normal conditions (a) the amino acids
valine, isoleucine, threonine and methionine, as well as propionic acid and odd chain fatty acids and cholesterol side chains are broken down to propionyl-
CoA. The PCC complex converts propionyl-CoA to methylmalonyl-CoA, which is further converted to succinyl-CoA, a substrate of the citric acid cycle.
A deficient PCC complex (b) prevents formation of methylmalonyl-CoA and gives rise to elevated levels of propionylcarnitine, propionylglycine, glycine,

3-hydroxypropionic acid and 2-methylcitric acid causing propionic acidemia.2439
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Figure 2 PCCA (a) and PCCB (b) gene structure and localization of the compound heterozygous variants. Patient 1 harbors an exon 21 duplication of PCCA
on one allele and has a frameshift variant on the other allele (a). Patient 2 has a missense variant in exon 7 of PCCB on one allele and an in-frame deletion
of three base pairs in exon 9 on the other allele (b). In black the wild-type sequence, in red the mutated sequence.

compared to the reference range: 0.28-1.16 nmol/(min.mg protein)
(Supplementary Figure 2B). As expected, metabolic analysis did not
show any abnormalities for his son (Table 1).

Clinical phenotype of the patients
Both patients had adult-onset severe DCM in the absence of other
characteristics of a metabolic disease. Furthermore, they did not
demonstrate any dysmorphic features upon physical examination.
Patients were from non-consanguineous parents (Figure 3). Patient
1 was in good health until he was diagnosed with DCM (LVEF 20%,
LVEDD 70 mm) at 55 years of age, in the absence of common causes
of DCM. His cardiac function did not improve, after 6 months
optimal heart failure medical therapy. An EMB was then performed to
further evaluate the cause of his DCM, which did not demonstrate
abnormalities (ie no increased cardiac inflammation, no viral presence

or signs of an infiltrative disease). Subsequent cardiac

European Journal of Human Genetics

resynchronization therapy with an implantable cardioverter-
defibrillator (CRT-D) was instigated to treat the persistent systolic
dysfunction and presence of complete left bundle branch block
(cLBBB), but again cardiac function failed to improve. Finally, after
3 years, the diagnosis of propionic acidemia was made by metabolic
studies.

Patient 2 is currently 61 years old. He was diagnosed with DCM
(LVEF 40%, LVEDD 70 mm) and cLBBB at 42 years of age. Over the
years, his cardiac function deteriorated towards 25-30% despite
optimal medical heart failure therapy. He declined an EMB for further
database. At the age of 53 years, he received a CRT-D, but his cardiac
function failed to improve.

DISCUSSION
In this study we describe two patients with adult-onset DCM that were
diagnosed with propionic acidemia. The first patient with this specific
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Figure 3 Pedigrees of the families. The father of patient 1 (P1) (a) passed
away at age 85, his mother is now 86 years, both are not known with
cardiological problems. His dizygotic twin sisters have no (cardiac)
complaints. The parents of patient 2 (P2) (b) died at age 77 and 74 and
both were not known with cardiological problems. His only two sibs died,
one at 4 years of age from meningitis, the other one from cancer at age 48.
Two sons have no signs of cardiomyopathy at ages 22 and 29, respectively.
The youngest is known with sinus bradycardia and a complete right bundle
branch block (RBBB) from age 19, but did not show a DCM phenotype with
an LVEF of 57% and normal LV dimensions

metabolic disorder was identified via a relative easy and inexpensive
metabolic screening using blood and urine. We detected correspond-
ing genetic variants and showed a decreased activity of PCC. We
identified the second propionic acidemia patient in our cohort by
targeted analysis of existing WES data. Subsequent metabolic screening
and measurement of PCC activity confirmed the metabolic diagnosis
of propionic acidemia also in this patient, in the absence of systemic
disease.

Propionic acidemia and treatment

Propionic acidemia is a metabolic disorder caused by variants in either
PCCA or PCCB, which together encode the PCC complex that is
deficient in propionic acidemia. The PCC complex, which consists of
six PCCa and six PCCf subunits,?> is involved in the metabolism of
the amino acids methionine, threonine, valine and isoleucine as well as
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certain odd-chain fatty acids and cholesterol side chains and converts
propionyl-CoA to methylmalonyl-CoA. Next, methylmalonyl-CoA is
converted to succinyl-CoA, an intermediate of the citric acid cycle.*
A reduced PCC activity leads to elevated levels of propionylcarnitine,
propionylglycine, glycine, 3-hydroxypropionic acid and 2-methylcitric
acid (Figure 1). To prevent the accumulation of these toxic metabo-
lites, a low protein diet is strongly recommended?* and both patients
were recently put on such a diet. The daily food intake was lowered
from 0.41-0.76 g/kg (natural protein/body mass) (patient 1) or
0.67-1.34 g/kg (patient 2) to 0.35-0.41g/kg, supplemented with
0.35 g/kg protein equivalents amino acids without the PCC precursors
methionine, threonine and valine, and with low amounts of isoleucine.
Besides, the patients received metronidazole 500 mg t.i.d. in a cycle of
2 weeks on/2 weeks off, to reduce the production of propionyl-CoA by
anaerobic gut flora. Additionally, the patients were supplemented with
coenzyme Q10, an antioxidant which is hypothesized to prevent
cardiac failure in propionic acidemia patients.?”*® Long-term follow-
up will be required to show whether this therapy might ameliorate
DCM in these patients.

DCM in propionic acid patients

The patients described in this study were diagnosed with propionic
acidemia several years after the onset of DCM. The reason for this
diagnostic delay is that the usual clinical picture of propionic acidemia
is an onset at birth with acute metabolic decompensation, including
vomiting, refusal to feed and hypotonia due to hyperammonemia. Late
onset (after the first year of life) propionic acidemia is characterized by
developmental regression, protein intolerance, failure to thrive and
movement disorders during childhood.?” DCM is observed in 9-23%
of the newborns and children with propionic acidemia®* and usually
presents within the first years of life.3%3! To date, only two teenage
propionic acidemia patients (age 14 and 16 years) with isolated DCM
are described.3233 In contrast to neonatal patients, who usually have
almost no PCC activity,’"* the two teenage DCM patients showed a
residual PCC activity.>>3? In fact, measurement of enzymatic activity
showed limited but detectable residual activity in both patients
reported here, supportive of hypomorphic alleles. A bundle branch
block was observed in both DMC patients with propionic acidemia.
Bundle branch block is seen frequently (25-30%) in DCM patients,
and therefore does not constitute a disease-specific feature.* The
development of DCM in propionic acidemia is not associated with the
age of onset and appears to be unrelated to clinical features or
metabolic markers.>! The underlying pathophysiology is not vet
understood. The citric acid cycle might be inhibited by accumulated
toxic metabolites or by a lack of the substrate succinyl-CoA, which is
the final product of the PCC complex-involved catabolic pathway.?33!
Liver transplantation has a positive effect on cardiac functioning in
propionic acidemia patients, possibly by reducing the amount of toxic
metabolites. However, probably other pathophysiological mechanisms
are important as well, as liver transplantation will not reduce in situ
accumulation of toxic metabolites in the heart and good metabolic
control in patients does not influence the development of DCM.?!

Adult-onset DCM in propionic acidemia

Here we show that propionic acidemia can remain unnoticed until
adulthood. A previous study reported on a series of approximately 100
propionic acidemia patients, aged between a few days and 27 years,
who were mostly diagnosed via newborn screening. Of these, almost
20% remained asymptomatic, indicating that propionic acidemia can
indeed remain unnoticed until later life.
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Two explanations are possible as to why a disease that typically
manifests with multi-organ involvement in the neonatal period can
present with adult-onset DCM in our patients. First, the variants
affecting the function of the protein in the neonatal cases are complete
nulls with virtually no residual enzymatic function. In contrast, the
variants in our cases are likely hypomorphic, such that the residual
enzyme function may avert severe systemic disease before progressive
DCM finally manifests in adulthood. In fact, measurement of
enzymatic activity showed limited but detectable residual activity in
both patients, supportive of a hypomorphic alleles (Table 1). Hypo-
morphic variants have been found in other diseases and can be
accompanied by both a later presentation and a specific subset of
phenotypic features.>>>7 In fact, some experimental data exist that
supports our hypothesis. When a hypomorphic PCCA variant was
introduced in a mouse model, the resulting phenotype was DCM
rather than early lethality as occurs in mice that carry homozygous
severe PCCA variants.’®

Secondly, we noted that patient 1 already had a diet relatively low
in protein (0.41-0.76 g/kg, reference advised by National Board of
Health: 0.9 g/kg), even before his metabolic diagnosis. If, and how
much, this low protein intake contributed to his delayed presentation
is unknown.

CONCLUSION

After in-depth DCM work-up, including EMB and genetic evaluation
of 47 DCM-associated genes, we identified propionic acidemia as the
most parsimonious cause in two patients with adult-onset DCM.
However, a scenario in which propionic acidemia is a modifier of a yet
unknown DCM-related gene cannot be formally excluded. In contrast
to neonates and children with classical propionic acidemia who
develop DCM in the course of severe multisystem disease, our patients
developed DCM in the absence of other symptoms. Propionic
acidemia is a rare cause of DCM, occurring in about 1% (1 of 36
metabolic screened patients and 1 of 157 WES screened patients) of
the patients in our cohort. A prospective study on similar patients with
propionic acidemia leading to adult-onset DCM may resolve whether
the combination of a low-protein diet and supplements can improve
cardiac function. Regardless, we recommend metabolic screening for
adult-onset DCM patients.
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