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Abstract

Background: Several genetic abnormalities associated with idiopathic cardiomyopathy
have been identified in recent years. However, genotype-phenotype correlation in
idiopathic cardiomyopathy remains unclear, especially in childhood. We attempted to
assess patients with different types of gene mutations causing pediatric idiopathic

cardiomyopathy and investigate the prognosis.

Methods and results: A total of 77 idiopathic cardiomyopathy patients, diagnosed at 16
y of age or when younger, underwent a screening test for myofilament gene mutations
by direct sequencing of eight sarcomeric genes, including p-myosin heavy chain
(MYH?7), cardiac myosin-binding protein C (MyBPC3), cardiac troponin T (TNN72),
cardiac troponin I (TNNI3), a-tropomyosin (7PMI), regulatory and essential light
chains (MYL2, MYL3), and cardiac a-actin (AC7C). In addition, the clinical presentation
and outcomes of the condition in all the patients were evaluated retrospectively. Among
the 77 patients screened, patients diagnosed with hypertrophic cardiomyopathy (n = 53),
dilated cardiomyopathy (n = 14), restrictive cardiomyopathy (n = 5), and left ventricular
noncompaction (n = 5) were included in this study. Patients with a single mutation in

MYH7 (n = 16), MyBPC3 (n = 6), TNNT2 (n = 3), TNNI3 (n = 1), TPMI (n = 1), MYL2
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(n = 1), and patients with mutations in multiple genes (n = 4) were identified. The
absence of sarcomeric gene mutations and young age at the time of diagnosis were

related to poor prognosis in patients with pediatric idiopathic cardiomyopathy.

Conclusion: Sarcomeric gene mutations and age of the patient at diagnosis are useful

predictors of outcome in pediatric idiopathic cardiomyopathy patients.

Key word: idiopathic cardiomyopathy; gene mutation; prognosis
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Cardiomyopathies are contractile heart diseases caused by functional
abnormalities in cardiomyocytes'. In some cases, the patients are susceptible to risk of
arthythmias and sudden cardiac death’. Cardiomyopathies are mainly classified as
hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), restrictive
cardiomyopathy (RCM), arrhythmogenic right ventricular cardiomyopathy (ARVC),
and unclassified cardiomyopathies including left ventricular noncompaction (LVNC)’.
In these cardiomyopathies, more than 50 genes have been identified as disease-causing
genes within the last two decades®. Mutations in genes that encode sarcomeric proteins
are as follows: f-myosin heavy chain (MYH7, OMIM *160760), cardiac myosin binding
protein (MyBPC3, OMIM *600958), cardiac troponin T (TNNT2, OMIM*191045),
cardiac troponin I (ZVNI3, OMIM*191044), a-tropomyosin (7PM1, OMIM*191010),
regulatory and essential light chains (MYL2, OMIM*160781 and MYL3,
OMIM*160790), and actin (ACTCI, OMIM™*102540) are recognized as the primary
causatives of HCM.>® Some of these genes are also known to be associated with DCM
and RCM pathogenesis®’. Therefore, there probably exits a common genetic basis for
these cardiomyopathies.

Some previously published reports have focused on the epidemiology of
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pediatric cardiomyopathy.>” However, the clinical outcomes associated with each of the
gene mutations identified in pediatric idiopathic cardiomyopathies remains unclear.
Although, several studies suggest a genetic correlation in idiopathic
cardiomyopathies™®'’"®, further investigation is required to make a firm and convincing
conclusion.

In this study, we attempted to screen for disease-causing sarcomeric genes and
conducted a follow-up survey to clarify the clinical characteristics and interrelationship

between the gene mutation and prognosis in patients with pediatric cardiomyopathy.

Methods

Study Population

Idiopathic cardiomyopathy patients (n = 77), diagnosed at =15 y of age
were selected from 45 hospitals in Japan. Care was taken to avoid duplication of
patients during the selection process. Cardiomyopathy was diagnosed through clinical -
evaluation, chest radiography, electrocardiography, echocardiography, and cardiac
catheterization based on current international consensus criteria. Patients with any other
complications, cardiac or systemic disease attributable to cardiomyopathy were

excluded from this study by trained cardiologists.
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Some of these patients have been described in previous reports™®. Written
informed consent was obtained from guardians of all the patients in accordance with the
Declaration of Helsinki. We retrospectively assessed each patient by clinical history,
physical examination, current therapy, and a review of their medical records until March,

2013.

Genetic Study

The coding regions and exon-intron boundaries of eight sarcomeric genes,
MYH7, MyBPC3, TNNT2, TNNI3, TPMI1, MYL2, MYL3, and ACTC were amplified
from the genomic DNA of individual patients included in the study. Amplified products
were purified using the QIAquick polymerase chain reaction (PCR) purification method
(QIAGEN, Hilden, Germany) and screened using bi-directional direct sequencing with
an ABI 3130x] DNA Analyzer (Applied Biosystems, Foster City, CA, USA). When a
novel mutation was detected, we confirmed its absence in more than 100 healthy

controls by direct sequencing.
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Statistical Analysis

Clinical features were expressed as mean + standard dewiation (SD),
median (interquartile range) or number of patients (percentage), as appropriate.
Univariate comparisons were performed using the Student’s #-test for continuous
measures and the chi-square test for categorical measures.

A Kaplan-Meier overall survival curve was constructed to demonstrate the
overall survival difference between mutation groups and compared using the log-rank
test. Cox proportional hazards regression model was used to examine the relationship
between mutations and all-cause death. Similar survival analyses were performed for
genders, family history of sudden death, family history of cardiomyopathy, or
arrhythmia.

A p value of <0.05 was considered significant. Statistical analyses were

performed using JMP for Windows (version 10; SAS Institute, North Carolina, USA).

Results

Seventy-seven patients with pediatric idiopathic cardiomyopathy, corresponding to

36 men and 41 women, were included in this study (Table 1). The average age at the
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time of diagnosis was 8.8 y (quartile range: 1.2—-12.6). Fifty-three (68.8 %) were HCM,
14 (18.2 %) were DCM, 5 (6.5 %) were RCM, and 5 (6.5 %) were LVNC. There were
no patients with ARVC and unclassified cardiomyopathy, excluding LVNC.

Among those, 32 (41.6%) patients carried a mutation i the disease-causing
sarcomeric gene. Mutations in MYH7, MyBPC3, and TNNT2 genes were identified in
16 (20.8%), 6 (7.8%), 3 (3.9%) patients, respectively. Mutations in 7NNI3, TPM 1, and
MYL2 genes were identified in 1 (1.3%) patient each (Table 1). In addition, 4 HCM
patients (5.2%) possessed multiple mutations, with three of them harboring double
mutations in MyBPC3 and the other patient with mutations in both MYH7 and
MyBPC3 genes. The rest of the patients did not have mutations in any of the genes
tested (n = 45), and AC7C mutation was not detected. The relationship between gene

mutation and baseline characteristics are outlined in Table 2.

Sarcomeric Gene Mutation Noncarrier is a Risk Factor of Poor Treatment
QOutcome
The median follow-up duration was 6.8 y (quartile range 1.4-15.3). Twelve
(15.6 %) patients died, and in all these cases, the idiopathic cardiomyopathy was the

primary cause of death (Table 1). We investigated some characteristics of these patients
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to find good predictors of treatment outcome in patients with pediatric idiopathic
cardiomyopathy. We found no significant differences between outcome and gender,
famuly history of sudden death, family history of idiopathic cardiomyopathy, and
arrhythmia (data not shown). We could find, however, that the prognosis of patients
carrying mutations in MYH7, MyBPC3, TNNT2, TNNI3, TPM1, or MYL2 was

| significantly better than that in the patients lacking mutations (Figure 1. Log-rank test P
= 0.034). A multivariate Cox proportional-hazards model for the time to death also
showed a finding similar to that of the Log-rank test (Figure 1. hazard ratio, 4.51; 95%

confidence interval, 1.18-29.37; p = 0.026).

The Combination of Age at Diagnosis and the Identification of Sarcomeric Gene
Mutation/s is a Useful Predictor of Prognoesis in Pediatric Idiopathic
Cardiomyopathy.

Based on the aboye result, we considered baseline characteristics in two
categories, the mutation-positive group, constituting patients with mutations i any of
the five disease causing genes and the mutation-negative group, lacking mutations. As
shown Table 3, the age at diagnosis in the mutation-negative group was significantly

lower than that in the mutation-positive group (p = 0.004).
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As indicated by the results in Table 3, we assessed the relationship between age at
diagnosis and overall survival. Using the median age at diagnosis (8.8 y), we divided
the patients into 2 groups and compared the outcome. A multivariable Cox proportional
hazards model for time to death indicated that the group of lower age at diagnosis (<8.8
y) had a significantly worse outcome than the group of higher age at diagnosis (=8.8 y)
(Figure 2. log-rank test p = 0.015). Cox proportional hazards model for mortality also
indicated that the lower age at diagnosis was strongly associated with poor outcome
(hazard ratio, 5.37;, 95% confidence interval, 1.41-34.94; p = 0.011).

Besides, we investigated whether age at diagnosis would have an influence on
the outcome of the patients with disease-causing mutations in 5 genes. First, we
stratified all the patients into 4 groups according to the median age at diagnosis and
based on the presence or absence of the 5 disease-causing gene mutations. Secondly, we
assessed the clinical outcome of each group using the Kaplan-Meier curves. Patients
with a lower age at diagnosis and no mutation in any of the 5 disease-causing genes
showed significantly worse prognosis among these 4 groups (log-rank test p = 0.024;

Figure 3).
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Patients with Truncating Mutations Have More Severe Disease than Those with
Missense Mutations or Small Deletions

Fmally, we focused specifically on the clinical outcome associated with the
disease-causing mutations in the 5 genes. Table 4 summarizes the details on each gene
mutation'”™’. Some mutations listed in this study has béen previously reported by our
colleagues™. In this study, we identified 4 novel MYH7 mutations and 3 novel MyBPC3
mutations. We could not find any differences in the clinical outcome among these 5
gene mutations (data not shown), but it was notable that patients with truncation
mutations had poorer prognosis than patients with missense mutation or small deletion

(log-rank test p = 0.005; Figure 4).

Discussion
To our knowledge, this 1s the first study attempting to identify predictors
of prognosis in pediatric idiopathic cardiomyopathy as a whole. Thus far, there have
been only a few reports on the clinical outcome in pediatric 1diopathic cardiomyopathy.
Recently, Alexander et al investigated the outcome of DCM diagnosed during childhood

and revealed that age at diagnosis, familial cardiomyopathy, and severity of left
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ventricular dysfunction are risk factors for death or heart transplantation®. Our
observations are contrary to that report, and here, we have conducted a comprehensive
evaluation of prognosis of pediatric idiopathic cardiomyopathy by including genetic
mutations associated with multiple cardiomyopathies**”. Genetic analysis is an essential
parameter and is justified by the common pathophysiological mechanism observed in
HCM and DCM, with some of the HCM cases progressing to DCM.

In this study, we revealed that patients with disease causing mutations in 5 sarcomeric
genes had better prognosis than those without mutations. The reason for this result is
unclear. There were no significant differences between outcome and family history of
sudden death, family history of idiopathic cardiomyopathy, but it is possible that early
genetic counseling for patients with idiopathic cardiomyopathy and their relatives might
have an effect on the prognosis to some degree. It is also to be considered that
idiopathic cardiomyopathy is caused by mutations in more than 50 genes’, although the
scope and the outcomes explained in this study is limited to only 8 sarcomeric genes.
We chose these major genes based on their importance and high mutation frequency in
idiopathic cardiomyopathy patients. At this point, there are no correlations or
noteworthy characteristics associating the disease-causing mutations in any other genes

with prognosis. However, the possibility of unknown gene mutations and their effect on
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prognosis cannot be ruled out. In addition, among the unknown gene mutations, those in
genes unrelated to currently known disease-causing genes might have a high impact on
the pathogenesis of idiopathic cardiomyopathy.

Although, there are few papers in which the relationship between sarcomeric
gene mutations and prognosis in idiopathic cardiomyopathies as a whole is mentioned,
Xu et al reported that patients with a homozygous mutation or two or more
heterozygous mutations often show more severe phenotypes'. In addition, Walsh et al
advocated that changes in amino acid composition have an important role in
determining the severity in case of cardiomyopathy patients with MYH7 mutation’.
However, we did not find any differences among the outcomes in each gene mutation
carriers (data not shown). Besides, the number of mutation changes in amino acid
composition did not influence the clinical outcome (data not shown). This result may be
due to the small sample size and short follow-up period in this study. A larger paﬁen’c
population needs to be included and continued follow-up needs to be‘performed to find
some predictors asso ciated with the type of gene mutation.

In this study, we also revealed that young age at diagnosis was a risk factor
for poor prognosis in patients with pediatric idiopathic cardiomyopathy. Colan reported

that patients with idiopathic HCM diagnosed before 1 y of age had more severe
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prognosis than those diagnosed after 1 y of age®. On the other hand, Alexander et al,
assessed risk factors of DCM in patients, whose diagnosis age was between 0 and 10 y,
and they observed that age of less than 4 weeks or more than 5 y at time of diagnosis
was associated with increased risk of death or transplantation requirement’®. The
relationship between age at diagnosis and clinical outcome of pediatric idiopathic
cardiomyopathies as a whole has not been reported, and therefore, it is difficult to assess
our current results in comparison with previous reports. Nevertheless, clinical family
screening for infants and young children may still be useful. Although Maron et al
suggested that periodic clinical screening of family members of HCM patients who are
under 12 y is not necessary, unless they lack (1) malignant family history, (i) any
symptoms, (iii) any opportunity as competitive athletes, or (1v) other clinical suspicion
of early left ventricular hypertrophy®', in which case, it might be important to check
their state of health regularly, regardless of such conditions.

We also revealed that pediatric idiopathic cardiomyopathy patients with
truncating mutations had poorer prognosis than those with missense mutations or small
deletions. The reason underlying this novel observation is not clear, but Erdmann et al.
reported that truncation mutations of MyBPC3 seemed to cause a more severe disease

phenotype than missense mutations or in-frame deletions of MyBPC3 in HCM patients™”.
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The mechanism of MyBP(C3 mutation may be more common than that of other
disease-causing genes. Further studies should be performed to mvestigate the relation
between mutation type and clinical outcomes.

Conclusions

Sarcomeric gene mutation and age at diagnosis are valuable predictors of prognosis in
patients with pediatric idiopathic cardiomyopathy. In addition, patients with truncating
mutations have poorer prognosis than those with missense mutations or small deletions.
These results will provide practical benefit for patients with pediatric idiopathic

cardiomyopathy and young family members of idiopathic cardiomyopathy patients.
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