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Genetic Evaluation of A Nation-Wide Dutch

Pediatric DCM Cohort: The Use of Genetic
Testing in Risk Stratification
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BACKGROUND: This study aimed to describe the current practice and results of genetic evaluation in Dutch children with dilated
cardiomyopathy and to evaluate genotype-phenotype correlations that may guide prognosis.

METHODS: We performed a multicenter observational study in children diagnosed with dilated cardiomyopathy, from 2010
to 2017.

RESULTS: One hundred forty-four children were included. Initial diagnostic categories were idiopathic dilated cardiomyopathy in 67
children (47%), myocarditis in 23 (16%), neuromuscular in 7 (5%), familial in 18 (13%), inborn error of metabolism in 4 (3%),
malformation syndrome in 2 (1%), and “other” in 23 (16%). Median follow-up time was 2.1 years [IQR 1.0-4.3]. Hundred-seven
patients (749%) underwent genetic testing. We found a likely pathogenic or pathogenic variant in 38 children (36%), most often in
MYH?7 (n=28).In 1 patient initially diagnosed with myocarditis, a pathogenic LMNA variant was found. During the study, 39 patients
(27%) reached study endpoint (SE: all-cause death or heart transplantation). Patients with a likely pathogenic or pathogenic variant
were more likely to reach SE compared with those without (hazard ratio 2.8; 95% CI 1.3-5.8, P= 0.007), while transplant-free
survival was significantly lower (P= 0.006). Clinical characteristics at diagnosis did not differ between the 2 groups.

CONCLUSIONS: Genetic testing is a valuable tool for predicting prognosis in children with dilated cardiomyopathy, with carriers
of a likely pathogenic or pathogenic variant having a worse prognosis overall. Genetic testing should be incorporated in
clinical work-up of all children with dilated cardiomyopathy regardless of presumed disease pathogenesis.

Key Words: cardiomyopathy, dilated ® genetic testing ® pediatric cardiology

cated in the pathogenesis of dilated cardiomyopa-
thy (DCM), which is defined as systolic dysfunction
and increased ventricular chamber volume. Genetic DCM
was initially thought to be primarily caused by variants in
genes encoding cytoskeletal and sarcomeric proteins.’

Since the early 1990s, gene variants have been impli-

However, recent advances in sequencing and array-
based technologies have increased our understanding of
the genetic basis of DCM. In addition to genes encod-
ing sarcomeric and cytoskeletal proteins, genes coding
for transcription factors, ion channels, the nuclear mem-
brane, and mitochondrial proteins are now also known to
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Nonstandard Abbreviations and Acronyms

DCM dilated cardiomyopathy

IEMs inborn errors of metabolism

FS fractional shortening

LVEDD left ventricular end-diastolic dimension

NMD neuromuscular disease

PCMR Pediatric Cardiomyopathy Registry

SE Study endpoint

HTx heart transplantation

NYUPHFI New York University Pediatric Heart
Failure Index

ES exome sequencing

NGS next-generation sequencing

ACMG American College of Medical Genetics

gnomAD Genome Aggregation Database

P pathogenic

LP likely pathogenic

vus variant of unknown significance

SD standard deviation

IQR interquartile range

Cl confidence interval

be involved in isolated DCM. In addition, >200 genes are
known that underlie syndromes or inborn errors of metab-
olism in which DCM can be part of the phenotype.*-®

As in adult-onset cardiomyopathy, genetic testing has
now been integrated into daily clinical practice in the
pediatric population, and a genetic cause can be iden-
tified in up to 27%-54% of pediatric DCM patients.”™®
myosin heavy chain 7 (MYH7) (5.1%), vinculin (VCL)
(3.2%), and tropomyosin1 (TPM1) (2.2%) are among the
most frequently affected genes in children younger than
2 years of age, whereas titin (TTN) (10.0%), RNA-bind-
ing motif 20 (RBMZ20) (6.7%), and troponin T2 (TNNTZ2)
(4.7%) are the most frequently mutated genes in the
2-18 year age group.'®

The pathogenesis of pediatric DCM is a strong predic-
tor of long-term outcome. The b-year transplant-free sur-
vival rate is 47% in idiopathic DCM, whereas it is 73% in
DCM related to myocarditis. In familial DCM, the b-year
survival rate is high (94%), but the 5-year transplanta-
tion rate is also relatively high (38%). These differences
emphasize the importance of establishing the genetic
cause in DCM, as it may help further guide optimal treat-
ment.'"? Studies in adult DCM patients have reported
a more severe phenotype and earlier onset in patients
with a pathogenic genetic variant compared with variant-
negative patients.’®'* Furthermore, DCM patients with
pathogenic variants in lamin A/C (LMNA), phospholam-
ban (PLN), RBM20, desmin (DES), and filamin-C (FLNC)
are at higher risk for malignant arrhythmias and have
a worse prognosis than patients with variants in other
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genes.'® ' Matthew et al showed that the affected gene
(eg, MYH?), a higher variant burden, and de novo vari-
ant status are all factors independently associated with
earlier onset and higher frequency of adverse outcomes
in pediatric hypertrophic cardiomyopathy.'” However,
studies reporting on the utility of genetic testing for risk
stratification in children with DCM are scarce.

The aims of the present study were 2-fold. First, we
aimed to describe the current practice and results of genetic
evaluation in a large cohort of pediatric DCM patients pre-
senting to all tertiary referral hospitals in the Netherlands.
Second, we evaluated these patients for potential geno-
type—phenotype correlations that may guide prognosis.

METHODS

The data, analytic methods, and study materials will not be made
available to other researchers for purposes of reproducing the
results or replicating the procedure to protect patient privacy.
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
This study was approved by the Medical Research Ethical
Committee of the Erasmus Medical Center (MEC 2014-062).
All legal parents and children >12 years of age gave their writ-
ten informed consent. Detailed methods are available in the
Supplemental Methods.

RESULTS

Patient Characteristics

Hundred forty-four children with DCM were included in
the study: 97 children (67%) diagnosed during the study
period, and 47 patients (33%) diagnosed before the
start of the study in 2010. Median age at diagnosis was
1.6 years [IQR 0.12-9.97], and 63 children (44%) were
diagnosed before the age of 1 year.

Initial diagnostic categories included idiopathic DCM
in 67 children (46%), myocarditis in 23 (16%), NMD in 7
(5%), familial DCM in 18 (13%), IEM in 4 (3%), malfor-
mation syndrome in 2 (19%), and “other” in 23 (16%). The
“other” category included anthracycline-related DCM in 8
(6%), LV dilation and systolic dysfunction with non-com-
paction cardiomyopathy (NCCM) in 6 (4%) (as described
by van Waning et al'®), DCM based on tachyarrhythmia in
3 (2%), LV infarction in 2 (1%), vasculitis in 2 (1%), and
congenital AV-block in 1 (1%).

The median follow-up time was 2.1 years [IOR 1.0—
4.3]. Table 1 describes the clinical characteristics of the
cohort.

Genetic Findings

Hundred-seven of 144 DCM patients (74%) underwent
genetic testing, with some patients undergoing >1 test.
These 107 children were recruited from 105 families. In
1 family 2 siblings and a cousin were recruited. In another
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Table 1. Characteristics of Children with Dilated Cardiomyopathy Stratified by LP/P Variant-Positive Pa-

tients And Variant-Negative Patients

Total LP/P positive Variant-Negative

Characteristic n=144 n=38 n=69 P Value
Sex, women, n (%) 68 (47) 20 (53) 32 (47) 0.49
Age at DCM diagnosis, years, median (IQR) 1.5 (0.12-10.0) 3.0 (0.1-12.4) 1.6 (0.3-6.0) 0.74
Heart failure score*, NYUPHFI, median (IQR) 9 (7-12) 9 (6-11) 9 (6-13) 0.37
Echocardiographic parameters*, mean (SD)

LVEDD Z-score 4.8 (3.6) 4.3 (3.8) 5.6 (2.7) 0.07

SF 16 (7) 17 (7) 15 (7) 0.14
NT pro BNP*, pg/ml, median (IQR) 5244 (1893-21651) 4253 (895-28218) 6698 (1249-15908) 0.54
Time diagnosis till last follow-up 3.1 (1.3-5.7) 2.4 (0.7-5.5) 3.3 (1.2-5.7) 0.41
years, median (IQR)
Status at end of study, n (%)

Death/transplantationt 39 (27) 17 (45) 12 (17) 0.002

Ongoing disease 82 (57) 19 (50) 47 (68) 0.07
Recovered 23 (16) 2 (5) 10 (14) 0.15
Genetic evaluation, n (%) 107 (74%)

Variant-negative: VUS or no variant.

Student's +-test in normally distributed data and Wilcoxon rank test in non-normally distributed data.

"At study inclusion.
Ty

DCM indicates dilated cardiomyopathy; IOR, interquartile range; NYUPHFI, New York University Pediatric Heart Failure Index; LVEDD, left
ventricular end diastolic dimension; SF, shortening fraction; and NT pro BNPF, N-terminal pro-brain natriuretic peptide.

family, 2 sibs were recruited, but genetic testing was per-
formed in only one. No difference was observed in the
percentage of genetic testing in patients who reached
the SE compared with those who did not (29 of 39 (74%)
versus 78 of 105 (75%), P=0.9). Sixteen (15%) patients
underwent only Sanger sequencing of 1 or more genes,
whereas 67 (63%) patients had a targeted NGS gene
panel (including those who also had undergone Sanger
sequencing and/or ES). Thirty-three patients (31%) had
ES with analysis of an expanded gene panel related to
cardiomyopathy, 1 patient had genome sequencing with
comprehensive analysis of all known genes and DNA of
3 patients was analyzed with another technique (SNP-
array, multiplex PCR and southern blot analysis, multiplex
ligation-dependent probe amplification). For 3 patients,
information on which technique had been used could not
be retrieved. In at least 58 patients (549%), all cardiomy-
opathy-related core genes had been sequenced and ana-
lyzed."® MYH?7 had been tested in 92 patients (86%) (see
also Supplemental Tables I-Ill and Supplemental Figure
1). Table 2 describes the number of genetically evaluated
patients and the number of likely pathogenic or patho-
genic (LP/P) variants per diagnostic category.

Thirty-eight (36%) patients carried a LP/P variant,
including 11 who had 1 or more additional VUSs. Forty
patients (37%) had only 1 or more VUS, whereas 29
(27%) patients had no variant (Figure 1). The variant
identified in 3 patients recruited from 1 family was clas-
sified as VUS.

LP/P variants were found in 21 different genes, with
MYH? the largest contributor of pathogenic variants (8

Circ Genom Precis Med. 2022;15:¢002981. DOI: 10.1161/CIRCGEN.120.002981

LP/P variants (219%)). The second highest contributors
were TTN and TPM1, each accounting for 8% of positive
test results. No variants were identified in a number of car-
diac genes that are part of standard gene panels (Sup-
plemental Table ). The clinical and genetic characteristics
of the 38 patients with an LP/P variant are described in
Table 3. Two patients with LP/P variants in genes related
to a malformation syndrome (Alstrom syndrome) were
found. Seven patients had LP/P variants in genes related
to NMD (Duchenne disease, Becker disease, infantile type
| muscle fiber disease and cardiomyopathy, centronuclear
myopathy type 5). Four had LP/P variants in genes related
to IEM (Very Long Chain Acyl-CoA dehydrogenase Defi-
ciency, propionic acidemia, Barth syndrome, and GM1
gangliosidosis). In all patients, clinical phenotype, disease
course and/or muscle biopsy results, and/or additional
urine and enzyme analyses were compatible with the
genetic diagnosis. In at least 1 patient, the genetic diagno-
sis led to new unsuspected clinical findings; in the patient
with Barth syndrome, neutropenia and skeletal myopathy
were subsequently diagnosed. In 3 patients, we found
LP/P variants in 2 genes: MYH7/RYRZ, SCN6A/KCNQ1,
and TBX20/GLB1. DCM-associated SCN5SA variants
have been shown to have either loss- or gain-of-function
effects on cardiac sodium channel activity?>? In 1 patient,
biallelic ASNAT variants were found (as described previ-
ously?®). We also found 6 LP/P variants in 4 patients that
we did not deem to be explanatory for the DCM, including
2 compound heterozygous truncating variants in CEP135,
a de novo deletion of chromosome 14g22.3923.1 (Hg19:
57007506-61,613506), 2 compound heterozygous
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Table 2. Genetic evaluation and Outcome Per Diagnostic Category

Number of Patients Number of Patients Number of LP/P Number of Patients af-
Initial Diagnostic DCM Category | at Start Genetically Evaluated | Variants ter Genetic Evaluation
Idiopathic 67 56 8 64
Myocarditis 23 7 1 22
NMD 7 7 7 8
Familial 18 18 11 26
IEM 4 4 4 4
Malformation syndrome 2 2 2 2
Other 23 13 5 18

DCM indicates dilated cardiomyopathy; NMD, neuromuscular disease; IEM, inborn error of metabolism; LP, likely pathogenic; and P, pathogenic.

pathogenic missense variants in SLC37A4, and a de novo
missense variant in MAP3KY. Six of 38 variants (15%)
were proven de novo (in 1 patient with a pathogenic variant
in TNNT2 no data on segregation were available).
Cardiac screening of first-degree relatives was per-
formed in 57 families (67/105; 54%). In 22 families
(22/57; 39%), 1 or more relatives were affected (in 17
cardiomyopathy, in 3 rhythm disorder, and in 2 families
SCD at age < 35 years). In 21 families, cardiac screen-
ing was not performed or not advised, and in 27 families
it was unknown whether cardiac screening had taken
place and/or results were not known. In 13 of the 38
families in which an LP/P variant was found (13/38;
349%), a cardiac phenotype was diagnosed in a relative
(4 siblings in case of recessive disease, 9 first-degree
relatives in case of dominant disease). However, it is not
known whether this followed carrier screening or clinical
phenotyping had been performed before genetic testing.
The diagnostic classifications of 20 patients changed
during the study period. LP/P variants were found in 8
children (12%) who had initially been diagnosed with idio-
pathic DCM, and their cases were therefore reclassified to
familial/genetic DCM. Seven of the 23 patients who were
diagnosed with myocarditis underwent genetic evaluation,

and a pathogenic LMNA variant was found in 1 patient. The
diagnostic category of this patient was therefore reclassi-
fied as familial/genetic DCM (Table 2).In 5 patients with LV
dilation and systolic dysfunction with NCCM classified as
“other” an LP/P variant was found (DES, MYH7, NKX2.5,
PLN, SCN5A (Table 3)). One patient initially classified as
familial was reclassified as NMD after genetic evaluation
(MYL2). One patient with phenotypical muscular dystrophy,
in whom the diagnosis was confirmed by muscle biopsy,
had negative genetic findings. The classification of this
patient was maintained as NMD.

In addition, variant reclassification altered the definitive
diagnosis in 5 patients (26% of all diagnostic reclassifi-
cations, Table 3). In these patients with a putative LP/P
variant leading to allocation into the familial/genetic
DCM group, the variant was reclassified as a VUS and
patients were reclassified as idiopathic DCM. None of
the variants initially classified as VUS were reclassified
as LP/P (Table 2).

Clinical Outcome

During the study period, 39 patients (27%) reached
SE: 17 patients died (12%) and 22 patients (15%)

LP/P variant
N=38
genetic evaluated
patients
N= 107 VUS only
N=40
no variant
N=29

Circ Genom Precis Med. 2022;15:¢002981. DOI: 10.1161/CIRCGEN.120.002981

Figure 1. Outcome genetic
LP/P variant only evaluation.
n=27 The cases that were not genetically
tested are explained by the underlying
; diagnosis, which was not an indication
LP/P variant plus 1 for a genetic test improbable at the
or more VUS time of initial evaluation: 16 cases of
N=11 myocarditis, 6 cases of chemotherapy-
related dilated cardiomyopathy (DCM),
- ) 2 cases of left ventricular-infarction,
single VUS and 1 tachyarrhythmia-induced DCM. In
the remaining 12 cases (11 idiopathic
N=24 DCM and 1 DCM with features of non-
” compaction), genetic testing was declined
] by the parents for varying reasons. LP/P
multiple VUS variant indicates likely pathogenic or
N=16 pathogenic (class 4 or 5 variant according
to the American College of Medical

Genetics (ACMG) classification); and
VUS, variant of unknown significance
(class 3 variant according to the ACMG
classification).

October 2022 378



€202 ‘T A2\ uo Ag Bio'sfeuinofeye//:dny woly pspeojumogd

van der Meulen et al

Genetic Risk Stratification in Pediatric DCM

Table 3. Clinical and Genetic Characteristics of Patients with Identified LP/P Variants

Age at
Cardiac | Initial di- | diag-
pheno- | agnostic | nosis Cellular Out-

Sex type category | (years) Gene structure Variant (class) Method Inheritance | Additional VUS come

F DCM inborn er- 15.52 ACADVL other c.104del, Sanger sequenc- | autosomal TTNc.56083G>A, | ongoing
ror of me- (NM_000018.3) p.(Pro35Leufs*26), ing recessive p.(Glu18695Lys) disease
tabolism homozygous (5)

M DCM malforma- 0.11 ALMS1 centrosome ©.6246_6247del, Sanger sequenc- | autosomal ongoing
tion syn- (NM_015120.4) p.(Asp2083Cysfs*11) | ing recessive disease
drome (5); c.10581del,

p.(Met3527llefs*20)
(5), compound hetero-
zygous

F DCM malforma- | 0.1 ALMS1 centrosome ¢.8361dupT, ES autosomal ongoing
tion syn- (NM_015120.4) p.(lle2788fs*), homo- recessive disease
drome zygous (5)

F DCM idiopathic 0.05 ASNA1 other c.913C>T, ES (open exome) | autosomal died

(NM_004317.2) p.(GIn305*), paternal recessive
(5); c.867C>G,
p.(Cys289Trp),
paternal; in cis con-
figuration; c.488T>C,
p.(Val163Ala), mater-
nal (5)
F DCM other 8.45 DES (NM_001927.3) cytoskeleton | ¢.1222C>G, targeted NGS de novo HTx
p.(Leu408Val) (5)

M DCM neuromus- | 15.79 DMD (NM_004006.2) | cytoskeleton | del exons 50-52 SNP-array x-linked re- ongoing

cular (X:31.628.821- cessive disease
31.754.369; Ensembl
release 50) (5)

M DCM neuromus- | 8.89 DMD(NM_004006.2) cytoskeleton | del exons 42-43 (5) MLPA DMD gene | x-linked re- ongoing
cular cessive disease

M DCM neuromus- | 15.98 DMD(NM_004006.2) | cytoskeleton | del exons 8-(35) (5) multiplex PCR x-linked re- ongoing
cular en southern blot cessive disease

analysis of DMD
gene

M DCM neuromus- | 12.61 DMD(NM_004006.2) cytoskeleton | ¢.10094C>G, Sequencing x-linked re- died
cular p.(Ser3365%) (5) exon 70 cessive

M DCM neuromus- | 12.44 DMD(NM_004006.2) cytoskeleton ¢.186+1G>C result- RT-PCR/PTT x-linked re- HTx
cular ing in an in-frame dele- | exons 2 - 79, RT- | cessive

tion of exon 3 (5) PCR exons 3-7,
sequence analysis
exon 3

F DCM familial/ 14.83 DSP (NM_004415.3) desmosome c.2631-2A>C, targeted NGS de novo LDB3 ¢.2092G>A, | ongoing

genetic p.(?) () p.(Ala698Thr) disease
MYPN c.251A>G,
p.(Asn84Ser)

F DCM myocar- 1.66 LMNA (NM_170707.3) | nuclear enve- | c.992G>A, targeted NGS autosomal ANKRD c.651+ recov-
ditis lope p.(Arg331Gin) (5) dominant 1G>A, p.(?) ered

F mixed familial/ 0.11 MYBPC3 sarcomere c.2827C>T, Sanger sequenc- | autosomal died

DCM/ genetic (NM_000256.3) p.(Arg943*), homozy- | ing recessive
HCM gous (5)

F DCM familial/ 0.13 MYH7 (NM_000257.2) | sarcomere c.5754C>G, Sanger sequenc- | autosomal recov-
genetic p.(Asn1918Lys) (5) ing dominant ered

M DCM familial/ 0.91 MYH7 (NM_000257.2); | sarcomere; c.5754C>G, targeted NGS autosomal MYBPC3 ongoing
genetic RYR2 (NM_001035.2) | calcium/ p.(Asn1918Lys), dominant; de | ¢.529C>T, disease

sodium han- maternal (5); novo p.(Arg177Cys)
dling c.5335A>G,
p.(Ser1779Gly), de
novo (4)
F mixed other 0.12 MYH7 (NM_000257.3) | sarcomere c.1106G>A, Sanger sequenc- | autosomal HTx
DCM/ p.(Arg369Gin) (5) ing dominant
NCCM

M DCM idiopathic | 0.04 MYH7 (NM_000257.3) | sarcomere c.2711G>A, targeted NGS de novo ongoing

p.(Arg904His) (5) disease

F DCM idiopathic 2.3 MYH7 (NM_000257.3) | sarcomere c.5740G>A, targeted NGS autosomal TTNc.16576A>C, | ongoing

p.(Glu1914Lys) (5) dominant p.(Asn5526His) disease

M DCM familial/ 0.19 MYH7 (NM_000257.3) | sarcomere c.602T>C, targeted NGS autosomal ongoing
genetic p-(le201Thr) (5) dominant disease

(Continued)
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Age at
Cardiac | Initial di- | diag-
pheno- | agnostic | nosis Cellular Out-
Sex type category | (years) Gene structure Variant (class) Method Inheritance | Additional VUS come
M DCM familial/ 0.07 MYH7 (NM_000257.3) | sarcomere c.56773C>G, targeted NGS autosomal ongoing
genetic p.(Arg1925Gily) (5) dominant disease
M DCM familial/ 10.41 MYH7 (NM_000257.3) | sarcomere c.1106G>A, Sanger sequenc- | autosomal ongoing
genetic p.(Arg369Gin) (5) ing dominant disease
M DCM familial/ 0.32 MYL2 (NM_000432.3) | sarcomere ¢.403-1G>C, homozy- | Sanger sequenc- | autosomal died
genetic gous (5) ing recessive
F mixed other 13.31 NKX2.5 other c.592C>T, targeted NGS autosomal HTx
DCM/ (NM_004387.3) p.(GIn198*) (5) dominant
NCCM
M DCM inborn er- 123 PCCA other c.1409T>G, Sanger sequenc- | autosomal ongoing
ror of me- (NM_000282.3) p.(Leu470Arg), homo- | ing recessive disease
tabolism zygous (5)
F mixed other 15.81 PLN (NM_002667.4) sarcoplas- ¢.256C>T, p.(Arg9Cys) | targeted NGS de novo TTN c.60842A>T, | HTx
DCM/ matic reticu- | (5) p.(Asp20281Val)
NCCM lum, calcium/
sodium han-
dling
F NCCM familial/ 0.08 RYR2 (NM_001035.2) | ion channel c.11084T>C, targeted NGS autosomal died
genetic p.(Met3695Thr), ma: recessive
ternal (3); del exon 19,
paternal (4)
M mixed other 0 SCN5A ion channel c.4978A>G, targeted NGS autosomal recov-
DCM/ (NM_198056.2);KCNQ p-(lle1660Val) dominant ered
NCCM 71(NM_000218.2) (5); c.973G>A,
p.(Gly325Arg) (5)
M DCM neuromus- | 6.9 SPEG (NM_005876.4) | sarcoplas- ¢.9185_9187del, ES with analysis autosomal died
cular matic reticu- p.(Val3062del), homo- | of 310 genes re- recessive
lum zygous (4) lated to CMP
M DCM inborn er- 0.31 TAZ mitochondrial | ¢.523del, Sanger sequenc- | x-linked re- HTx
ror of me- (NM_001303465.1) p.(Val175Serfs*29) (5) | ing cessive
tabolism
F DCM inborn er- 0.27 TBX20 transcription | ¢.456C>G, WGS with analy- | autosomal MYH6 died
ror of me- (NM_001077653.2); factor p-(lle152Met) sis of 310 genes dominant; c.4037G>A,
tabolism GLB1 (NM_000404.3) (4); c.176G>A, related to CMP autosomal p.(Arg1346Gin)
p-(Arg59His), homozy- recessive RAF1 ¢.29C>T,
gous (5) p.(Thr10Met)
F DCM idiopathic 3.77 TNNT2 sarcomere ¢.650_652del, targeted NGS unknown died
(NM_000364.3) p.(Lys217del) (5)
F DCM familial/ 10.86 TNNT2 sarcomere ¢.650_652del, targeted NGS autosomal died
genetic (NM_000364.3) p.(Lys217del) (5) dominant
M DCM idiopathic 0.15 TPM1 (NM_000366.5) | sarcomere c.725C>T, targeted NGS de novo recov-
p-(Ala242Val) (4) ered
F DCM familial/ 5.38 TPM1(NM_000366.5) | sarcomere c. 688G>A, targeted NGS autosomal HTx
genetic p.(Asp230Asn) (5) dominant
F DCM familial/ 0.42 TPM1(NM_000366.5) | sarcomere c.250G>A, targeted NGS autosomal ongoing
genetic p.(Asp84Asn) (5) dominant disease
F DCM idiopathic 9.94 TTN (NM_133378.4) sarcomere - c.81610G>T, ES with analysis autosomal died
Z-disc p.(Glu27204*) (4); of 310 genes dominant;
c.1184G>T related to CMP; autosomal
p.(Gly339Cys) Sanger sequenc- | recessive
(5); c.1212T>C ing
p.(Leu348Pro) (5),
compound hetero-
zygous
M DCM idiopathic 16.94 TTN (NM_133378.4) sarcomere - c.61121-1G>A, targeted NGS autosomal ongoing
Z-disc p.(Glu20374Glyfs*7) dominant disease
(4)
F DCM idiopathic 13.63 TTN (NM_133378.4) sarcomere - €.62347C>T, targeted NGS autosomal TTNc.80981G>A, | ongoing
Z-disc p-(Arg20783*) (4) dominant p. (Gly26994Asp) disease
DSC2 c.2603C>T,

p. (Ser868Phe)

CMP indicates cardiomyopathy; ES, exome sequencing; HTx, heart transplantation; NGS, next-generation sequencing; PTT, protein truncation test; RT-PCR, reverse transcriptase polymerase
chain reaction; and WGS, whole genome sequencing.

Circ Genom Precis Med. 2022;15:¢002981. DOI: 10.1161/CIRCGEN.120.002981

October 2022

380



€202 ‘T A2\ uo Ag Bio'sfeuinofeye//:dny woly pspeojumogd

van der Meulen et al

underwent HTx. Median time from diagnosis to death was
0.09 years [IQR 0.03-1.1]. Median time to HTx was 2.9
years [IQR 1.1-6.1]. At the end of the study, 23 children
(16%) had recovered (35% diagnosed with myocarditis),
but 82 children (57%) had ongoing disease.

Association of LP/P Variants with Clinical
Outcome

Seventeen of 38 children with a LP/P variant reached
SE, whereas 19 had ongoing disease and 2 (with vari-
ants in MYH7 and LMNA) recovered.

Children with a LP/P variant were more likely to die
or undergo HTx compared with children without a patho-
genic variant (17 of 38 (45%) versus 12 of 69 (17%), P
= 0.002). We found no differences in clinical character-
istics at time of diagnosis between children with a LP/P
variant and those without (Table 1). Median age at SE
tended to be lower in children with a LP/P variant, how-
ever this difference was not statistically significant (P =
0.19). Median age at SE was 10.9 years [IQR 0.6-16.1]
in variant-positive patients, and 5 of 17 (29%) were
under 1 year of age. In variant-negative patients, median
age at SE was 13.3 years [IQR 6.9-14.6], and the age of
the youngest patient at SE was 3.5 years.

Of the 17 LP/P variant-positive children reaching
SE, 10 (53%) died and 7 (41%) underwent HTx. The
majority of variant-negative children who reached a SE
underwent HTx (8/12; 67%), while 4 of 12 children
died (36%, P= 0.26).

Transplant-free survival was significantly lower in
patients with a LP/P variant compared with variant-
negative patients (P = 0.006, Figure 2). This was also
true when excluding the 8 children who were clinically
and/or genetically diagnosed with NMD (P= 0.04). Chil-
dren with a LP/P variant had a 2.8-times increased risk
of death or HTx (hazard ratio 2.8; 95% Cl 1.3-5.8, P=
0.007). This hazard ratio stayed identical when excluding
those diagnosed with NMD (2.8; 95% CI 1.2-6.0, P=
0.01). Transplant-free survival was higher in MYH7-posi-
tive children compared with those with a LP/P variant in
other genes (P=0.03, KM curve not shown).

In children without LP/P variants, we did not find
an association between the presence or absence of
VUSs and SE: 6/40 with one or more VUSs reached a
SE versus 6/29 without VUSs reached a SE (P = 04,
Figure 1).

The number of patients reaching a SE and the het-
erogeneity of genetic findings meant that we had insuffi-
cient statistical power to explore the relationship between
single affected genes or de novo variants and outcome.

DISCUSSION

In this cohort of 107 genetically evaluated children
with DCM, 38 children (36%) carried a LP/P variant
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in a DCM-related gene, most often in MYH?7. Children
with DCM who carried a LP/P variant had a 2.8-times
increased risk of death or HTx compared with children
without such a variant, but clinical characteristics at time
of diagnosis did not differ between the 2 groups. In addi-
tion, children with a LP/P variant were more likely to die
or undergo HTx at an earlier age. These findings highlight
the importance of early genetic testing in children with
DCM, as the determination of a genetic cause can be
valuable for predicting clinical outcome.

Yield of Genetic Testing in Children with DCM

In adults with DCM, the yield of genetic testing varies
between 16% and 37%.2* There are only a few studies
on current genetic testing in pediatric DCM. These stud-
ies differ in inclusion criteria (isolated DCM versus non-
isolated DCM), the extent of genetic testing, and variant
filtering and interpretation. Pugh et al reported an overall
yield of 37% in 766 individuals with DCM (including 286
patients younger than 18 years) using gene panels that
included between 5 and 46 genes, with TTN being the
largest contributor (up to 14%). Selecting for all patients
aged <18 years, a yield of 15.4% can be distracted.”
Kihnish et al found 8 LP/P variants in 34 pediatric
patients with DCM (249%) using a panel-based NGS
approach targeting 89 genes, which identified variants in
TTN (1), TNNTZ2(2), TNNI3 (1), MYH7 (1), MYBPC3 (1),
and ACTC1 (1).%° In a recent study by Herkert et al, com-
bining copy number variant analysis with stepwise trio-
based ES yielded a diagnosis in >50% of pediatric DCM
patients. They also identified LP/P variants in patients
with nonfamilial DCM and in patients with extra-cardiac
features or possible myocarditis.” In a study by Long et al,
ESin 18 families with DCM (including 3 syndromic cases)
yielded a genetic diagnosis in 33% when filtering for 55
known DCM genes. When they expanded their analysis
by filtering the exome for compound heterozygous and
de novo variants, they diagnosed 4 additional patients,
including carriers of rare and syndromic genes (ALMS1
and PRDM16) and 2 potential novel genes (RRAGC and
TAF1A), resulting in a final yield of 50%. Vasilescu et
al reported a genetic diagnosis in 10 of 37 pediatric
DCM patients (27%), of which 3 were in novel or less-
established disease genes (PPA2, TAB2, and NRAP)
and 2 were in mitochondrial DNA. They also showed an
increase in a genetic diagnosis with later onset of car-
diomyopathy: age <1 year — 34% positive DNA diagno-
sis, age 1 to b years — 38% and age >6 years — 60%.
They further showed that infants manifesting before 1
year of age had the poorest prognosis, especially when
their cardiomyopathy was associated with a metabolic or
syndromic origin, which is in line with previous studies.®
Finally, in a study in neonates with heart failure, ES was
diagnostic in 10 of 15 (68%), although only 20% had a
clinical diagnosis of DCM.26
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Log rank test: p=0,005

Figure 2. Kaplan-Meier analysis of
107 genetically evaluated children
with dilated cardiomyopathy,

children with a likely pathogenic or
pathogenic (LP/P) variant versus

no variant or variant of unknown
significance LP/P: class 4 or 5 variant
according to the American College

of Medical Genetics classification
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The yield of genetic testing in pediatric DCM is consis-
tent with that in adult-onset non-ischemic DCM, varying
between 19% and 54%."1927-2° However, the spectrum
of genes involved in pediatric DCM differs from that
seen in adult DCM.293" Pugh et al showed that the genes
implicated in DCM vary with age. In adults and children
2-18 years of age, the majority of variants were located
in TTN and DSP. In children under 2 years of age, MYH7
was predominantly mutated and no TTN variants were
found.™ This matches our findings as 6 of 8 children in
our cohort with LP/P MYH?7 variants were under the age
of 1 year at diagnosis, confirming that these variants fre-
quently underlie DCM with infant presentation.

Our yield of 36% LP/P variants in pediatric DCM
and the spectrum of genes involved are thus in line with
international literature, but also leave room for further
increase in yield, e.g. by systematically offering ES with
analysis of an expanded gene panel or of all disease-
associated genes. This is especially important for chil-
dren <1 year of age at diagnosis, where the diagnostic
yield of ES goes up to 55% (5/9) and 3 of 5 (60%)
genes with pathogenic variants were not part of (adult-
onset) cardiomyopathy panels because they are involved
in metabolic and syndromic diagnoses.?®

The Predictive Value of the Variants Detected

In adults with non-ischemic DCM, there is increasing
insight into the association between certain pathogenic
variants and outcome. In a large meta-analysis, the
highest HTx rate was found in LMNA mutation carriers
(27%), while RBM20 mutation carriers underwent HTx at
a younger age (mean 28.5 years) than carriers of patho-
genic variants in other genes (mean 41-43 years).3?
Another study in 5267 individuals, ranging from healthy
volunteers to end-stage DCM patients, showed that
TTN-truncating variant-positive DCM patients reached
the SE of death, HTx or ventricular assist device at earlier

Circ Genom Precis Med. 2022;15:¢002981. DOI: 10.1161/CIRCGEN.120.002981

ages and sooner after enrolment than TTN-truncating
variant-negative DCM patients.® Janswijer et al found
that truncating TTN mutations were associated with a
milder form of DCM compared with that seen in patients
with LMNA variants or idiopathic DCM.3* These findings
were (partly) explained by differences in disease severity
and the number of adverse events between the cohorts.
In a study on the prognosis of 52 adults with DCM car-
rying rare variants in sarcomeric genes (MYH6, MYH?7,
MYBPC3, TNNT2, and TTN), it was shown that death/
HTx-free survival dramatically decreased after 50 years
of age in variant-positive patients compared with variant-
negative patients.®®

When predicting outcome in children with DCM, the
genetic contribution is less clear. Specific variants (eg,
in LMNA or SCN5A) have been linked to sudden cardiac
death, as this is related to malignant ventricular arrhyth-
mias.83% However, sudden cardiac death in children with
DCM (5-year incidence of 3%) is a less prevalent clini-
cal issue than death due to heart failure or the need for
HTx.3” To the best of our knowledge, only 1 study has
systematically evaluated children with non-HCM cardio-
myopathy (with 56 of 70 patients diagnosed with DCM)
for genetic disease and association with outcome: HTx
were more often performed in variant-positive children
than in variant-negative subgroups (48% versus 349%),
and the variant-positive children had higher mortality
(17% versus 2%). Of note, outcome was not specified
for the 56 DCM patients.®

In our study, which reports on the largest cohort of
genetically tested children with DCM to date, we also
observed decreased survival in children with a LP/P
genetic variant. Our study is thus an important contribu-
tion to the mounting evidence that carrying a LP/P vari-
ant puts children at an increased risk of death or HTx. We
also found that MYH?7 variant carriers were less likely to
die or undergo HTx compared with patients with LP/P
variants in other genes, although our numbers were
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small. Whether this truly implies that MYH?7 variants are
relatively benign remains unknown. In adult DCM studies
such a favorable genotype—phenotype relation could not
be demonstrated for MYH7 compared with LMNA, PLN,
RBM20, MYBPC3, TNNT2, and TNNI3 (29).

Clinical Implications of Our Study

The results of our study justify incorporating genetic test-
ing early on in the diagnostic work-up of all children with
DCM/ Since determining disease pathogenesis is essen-
tial for prognosis and counseling, genetic testing should
be offered as soon as possible after diagnosis. In both
adults and children, there is also increasing evidence
that the presence of external causal factors (eg, che-
motherapy or myocarditis) does not preclude a genetic
cause for the DCM3%*" The diagnosis of myocarditis
is often only based on clinical characteristics.*? In our
study we identified a pathogenic LMNA variant in a child
diagnosed with myocarditis, which is a good example of
how previously silent genetic defects might predispose
to heart failure early in life when viral myocarditis acts
as a second hit*® A number of experts have pointed out
the potential relevance of underlying genetic abnormali-
ties, that may be unmasked or present in the setting of a
clinical picture resembling myocarditis or even in patients
with biopsy-proved myocarditis.** This is further sup-
ported by a recent study from Seidel et al, in which they
found likely pathogenic or pathogenic variant in 22%
of patients with biopsy-proved myocarditis, especially in
the group of patients with myocarditis mimicking DCM.*
These findings suggest to genetically evaluate all children
diagnosed with DCM in an early stage, regardless of pre-
sumed disease pathogenesis. They also call for genetic
re-evaluation of all children with DCM who have been
tested previously, but to whom ES has not been offered.
In our cohort, 74% percent of children were genetically
evaluated, which clearly leaves room for improvement.
Optimizing collaboration between pediatric cardiologists
and clinical geneticists and genetic counseling of parents
might increase the uptake of genetic testing.

At present, the direct translation of a genetic vari-
ant into individual clinical risk prediction in the pediatric
population is challenging. DCM in children is character-
ized by genetic heterogeneity, a situation contrary to that
for HCM, where a relatively limited number of genes
seem to be involved, predominantly those related to the
sarcomere.’® Penetrance and age of presentation also
vary in DCM.#=*¢ Based on our findings, children who
carry an LP/P variant in an established gene associated
with DCM should be considered at an increased risk for
adverse outcomes. The use of genetic information for
better management and risk prediction will require close
collaboration between research centers and analysis
of pooled data. In this respect, the results of the “PCM
Genes study” of the PCMR, which aims to offer ES to
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600 children with DCM, will provide more insight into
genetic testing and associations with outcome.®® As long
as it is not clear how to differentiate between recov-
ery and remission, children who are variant-positive but
recover should continue to receive follow-up care.®

LIMITATIONS

Our study has limitations. Initially, diagnostic categories
were assigned following the etiologic categories of the
PCMR." However, these data pre-dated many clinically
available genetic tests and, along with other epidemio-
logic studies, highlight the uncertain etiological basis of
cardiomyopathy given that the majority of DCM patients
were identified as idiopathic. Future directions of the reg-
istry include the use of ES to improve diagnostic strate-
gies, which may lead to different etiologic classification.®
In our study, several idiopathic cases turned out to be
familial/genetic. Furthermore, IEM and NMD are consid-
ered distinct categories even though a genetic diagnosis
typically underlies these diseases as well. For that reason,
we have included IEM and NMD as LP/P variant-positive
in our analyses. It might have been more transparent if we
had assigned 1 genetic diagnostic category that included
subcategories of IEM and NMD in addition to those with
a LP/P variant in an explanatory gene and those with 2
or more affected first-degree family members. Secondly,
some of our data were retrospective, and missing data
might be an issue here despite the efforts we made to
obtain all available data. Thirdly, genetic testing pan-
els changed during the study period, which influences
genetic yield. Furthermore, we could only be certain that
a variant was de novo in cases with genetic evaluation of
both parents, so the true number of de novo cases and
possible relation to worse outcome remains unknown.
Finally, our sample size was too small to test associations
between individual variants/genes and phenotype.

CONCLUSIONS

Genetic testing is a valuable tool predicting outcome in
children with DCM and counseling families. Patients with
a LP/P variant have an overall worse prognosis. Genetic
testing should therefore be incorporated in clinical care
of all children with DCM, regardless of presumed disease
pathogenesis.
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