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Abstract
Background: A causal genetic mutation is found in 40% of families with dilated 
cardiomyopathy (DCM), leaving a large percentage of families genetically unsolved. 
This prevents adequate counseling and clear recommendations in these families. We 
aim to identify novel genes or modifiers associated with DCM.
Methods: We performed computational ranking of human genes based on coexpres-
sion with a predefined set of genes known to be associated with DCM, which allowed 
us to prioritize gene candidates for their likelihood of being involved in DCM. Top 
candidates will be checked for variants in the available whole-exome sequencing 
data of 142 DCM patients. RNA was isolated from cardiac biopsies to investigate 
gene expression.
Results: PDLIM5 was classified as the top candidate. An interesting heterozygous 
variant (189_190delinsGG) was found in a DCM patient with a known pathogenic 
truncating TTN-variant. The PDLIM5 loss-of-function (LoF) variant affected all 
cardiac-specific isoforms of PDLIM5 and no LoF variants were detected in the same 
region in a control cohort of 26,000 individuals. RNA expression of PDLIM5 and its 
direct interactors (MYOT, LDB3, and MYOZ2) was increased in cardiac tissue of this 
patient, indicating a possible compensatory mechanism. The PDLIM5 variant coseg-
regated with the TTN-variant and the phenotype, leading to a high disease penetrance 
in this family. A second patient was an infant with a homozygous 10 kb-deletion of 
exon 2 in PDLIM5 resulting in early-onset cardiac disease, showing the importance 
of PDLIM5 in cardiac function.
Conclusions: Heterozygous PDLIM5 variants are rare and therefore will not have a 
major contribution in DCM. Although they likely play a role in disease development 
as this gene plays a major role in contracting cardiomyocytes and homozygous vari-
ants lead to early-onset cardiac disease. Other environmental and/or genetic factors 
are probably necessary to unveil the cardiac phenotype in PDLIM5 mutation carriers.
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1  |   INTRODUCTION

Dilated cardiomyopathy (DCM) is a leading cause of heart 
failure (HF) and the most frequent cause for cardiac trans-
plantation (Japp, Gulati, Cook, Cowie, & Prasad, 2016). 
This condition is a complex final phenotype resulting 
from genetic and environmental triggers (Verdonschot Job, 
Hazebroek Mark, Ware James, Prasad Sanjay, & Heymans 
Stephane, 2019). Increasing diagnostic possibilities such 
as advanced imaging and genetic testing allow better as-
sessment of etiologies contributing to this phenotype 
in individual patients as a first step toward personalized 
medicine.

The genetic basis of DCM is an area of great interest as 
it is likely to explain the observed differences in disease 
susceptibility between individuals exposed to the same en-
vironmental triggers. Currently, over 60 causal genes are 
described in DCM of which truncating mutations in TTN 
(OMIM: *188840) are the most prevalent (Japp et al., 
2016). Clinical utility of cardio-genetics is still limited due 
to incomplete disease penetrance and clinical variability 
in genetic DCM families. Also, the currently used mono-
genetic model only explains only up to ~40% in familial 
cases (Hershberger, Hedges, & Morales, 2013). Therefore, 
a large percentage of DCM families remain currently un-
solved. Interaction between genetic variants can modify 
the disease, illustrated by a family with a more severe phe-
notype in the relatives having a mutation in both TTN and 
LMNA (OMIM: *150330) (Roncarati et al., 2013). This 
‘double hit’ phenomenon illustrates the potential of current 
unknown DCM-associated genes to modify the disease in 
patients, explaining the phenotypic variability within fam-
ilies. Large genome-wide association studies (GWAS) in 
DCM try to provide further insight in identifying modifying 
variants without panel restriction. Several interesting single 
nucleotide polymorphisms (SNP) have been identified in a 
large variety of genes, potentially modifying the penetrance 
and susceptibility of DCM (Meder et al., 2014; Villard et 
al., 2011). However, the large variation among genes with 
rare variants and their unknown interactions make inter-
pretation and implementation difficult. We therefore be-
lieve that “double hit” approach can help us to unravel the 
gene-disease interaction network.

This study puts forward new DCM-associated genes in 
whole-exome data using weighted ranking for coexpression 
with known DCM-causing genes and careful classification 
of found variants.

2  |   METHODS

2.1  |  DCM cohort

This study consisted of 142 unrelated familial and nonfa-
milial DCM patients from the Maastricht Cardiomyopathy 
Registry with inclusion and exclusion criteria as described 
previously (Verdonschot et al., 2018). In short, both DCM or 
hypokinetic nondilated cardiomyopathy (HNDC; also called 
isolated LV dysfunction) according to the latest European 
Society of Cardiology (ESC) proposal were included (DCM 
defined as left ventricular ejection fraction (LVEF) <50% 
with an indexed left ventricular end diastolic diameter 
(LVEDDi) >33  mm  m−2 (men) or >32  mm  m−2 (women) 
measured by echocardiography; and HNDC defined as LVEF 
<50% with an LVEDDi ≤33 mm m−2 (men) or ≤32 mm m−2 
(women) measured by echocardiography) in the absence of a 
(a) history of myocardial infarction and/or significant coro-
nary artery disease; (b) primary valvular disease; (c) hyper-
tensive or congenital heart disease; (d) acute myocarditis; (e) 
arrhythmogenic right ventricular dysplasia; (f) hypertrophic 
or restrictive cardiomyopathy (Pinto et al., 2016). As part 
of the protocol, patients were referred to the clinical cardio-
genetics department of the Maastricht University Medical 
Center (MUMC) for genetic counseling and DNA testing 
(with informed consent) between 2012 and 2018. Genetic 
analysis was performed using whole-exome sequencing 
(WES) in all included patients.

All patients underwent a physical examination, blood sam-
pling, 12-lead electrocardiogram, 24-hr Holter monitoring, a 
complete echocardiographic and Doppler evaluation and cor-
onary angiography (CAG) at baseline. Endomyocardial biop-
sies (EMB) were performed upon discretion of the treating 
physician and consent of the patient. The study was performed 
according to the declaration of Helsinki and was approved 
by the Medical Ethics Committee of Maastricht University 
Medical Centre. All patients gave written informed consent.

2.2  |  Genetic analysis

Patients at the cardio-genetics outpatient clinic in 
Maastricht received genetic counseling and testing using 
our 47-cardiomyopathy gene panel with WES (Table S1). 
Exome sequencing was performed on a Illumina HiSeq 
machine with a minimum coverage of 20×. A family 
history of cardiac-related disease and sudden cardiac death 

K E Y W O R D S

dilated cardiomyopathy, genetic modifier, genetics, sarcomere



      |  3 of 14VERDONSCHOT et al.

was obtained by pedigree analysis. Familial inheritance 
was defined as recommended by the ESC: (a) two or more 
individuals (first or second degree relatives) have DCM or 
HNDC fulfilling diagnostic criteria for “definite” disease OR 
(b) in the presence of an index patient fulfilling diagnostic 
criteria for DCM/HNDC and a first-degree relative with 
autopsy-proven DCM and sudden death at <50 years of age 
(Pinto et al., 2016).

Genetic variants were carefully and stringently classified 
in five different classes: pathogenic, likely pathogenic, vari-
ant of clinical unknown significance (VUS), likely benign 
or benign based on the criteria as proposed by the ACMG 
guidelines (Richards et al., 2015). Classification of variants 
was based on the score of in silico prediction software scores 
(SIFT, MutationTaster, PolyPhen-2, PhyloP, Align-GVGD), 
the frequency in reference population databases (gnomAD, 
1,000 genomes, ESP projects), functional studies and previ-
ously published variations in NCBI's ClinVar and HGMD. 
Both pathogenic and likely pathogenic mutations are re-
ported here as pathogenic mutations. All others were con-
sidered nonpathogenic. Only truncating mutations with a PSI 
score >99% in TTN were classified as pathogenic (Ware & 
Cook, 2018).

The infant carrying a homozygous deletion of exon 2 of 
PDLIM5 (OMIM: *605904) was treated at Sanford Medical 
Center Fargo and referred to Rady Children's Institute for 
Genomic Medicine (RCIGM) for whole-genome sequenc-
ing and variant analysis. Sequencing was performed on a 
NovaSeq6000 (Illumina) to ~50× coverage, and rapid align-
ment and nucleotide variant calling was performed using the 
Dragen (Edico Genome) hardware and software. Structural 
variants were identified with Manta and CNVnator, then fil-
tered to retain those affecting coding regions of known dis-
ease genes and with allele frequencies <2% in the RCIGM 
database. Multiplex ligation-dependent probe amplification 
was used to orthogonally confirm the deletion in the pro-
band (homozygous state) and both parents (heterozygous 
state). The research groups used GeneMatcher to identify 
genotypic and phenotypic overlap of their patients (Sobreira, 
Schiettecatte, Valle, & Hamosh, 2015).

2.3  |  Control cohort

To compare the frequencies of the genetic variants in can-
didate genes we collected variant data from ExAC and 
GnomAD database (Lek et al., 2016). We additionally col-
lected truncating variants from our internal cohort of pa-
tients with intellectual disabilities (ID) and their parents 
(n  =  26,000), of whom to a large extend represent similar 
genetic background as our 142 patients. No cardiomyopathy 
was reported among ID patients and their parents with a trun-
cating PDLIM5 mutation.

2.4  |  Network ranking

To support the association of gene candidates with DCM 
in mammals, we investigated the coexpression of the genes 
with a predefined set of genes known to be associated with 
DCM: Z-disk or cardiac sarcomere cellular component and 
associated genes, that is genes that might be essential for the 
initial assembly, stabilization, and functional integrity of the 
titin filament, but also ion channels, enzymes, nuclear, and 
desmosomal genes (Table S1). We used expression datasets from 
total ∼30,000 expression measurements in ~500 murine and 
~500 human gene expression datasets collected from the Gene 
Expression Omnibus (GEO) (Barrett et al., 2013). We selected 
expression datasets that coregulate with a DCM gene set (query 
genes) (Szklarczyk et al., 2016). Ranking the coexpression of 
human genes allowed us to prioritize gene candidates for their 
likelihood of being involved in DCM. In short, the transcriptome 
measurements (from GEO) are converted into a correlation 
matrix. The average correlation with the query set (sgene) is 
used for gene ranking and the dataset weight calculation. Gene 
scores sgene from all datasets are combined taking into account 
the precomputed weights. Subsequently different transcriptome 
platforms and species data are integrated to arrive at the final 
ranking. The process is repeated after excluding each query gene 
to construct a receiver operating characteristic (ROC) curve that 
visualizes predictive power of the method for a specific query 
set of genes. All these steps are further elucidated in the methods 
paper (Szklarczyk et al., 2016).

After the network ranking and prioritization based on 
known DCM-associated genes, all previously described genes 
were excluded, leaving only unreported gene candidates for 
human DCM. Selection of top gene candidates was based on 
the combined position on the Z-disk and sarcomere ranking list. 
As most top genes were already reported in human DCM, even 
genes ranked >100 were selected. The created shortlist of genes 
was further prioritized based on: (a) type of mutation (missense 
or loss-of-function [LoF]; which is defined as any variant which 
leads to truncation or loss of a protein); (b) location and func-
tion of the corresponding protein (potential for DCM develop-
ment); (c) tissue expression (GTEx: heart/skeletal muscle); and 
(d) animal models (gene knockout and cardiac disease develop-
ment). The final list of gene candidates was checked for vari-
ants in the WES data of the patients and subsequent variants 
were analyzed according to the ACMG diagnostic guidelines 
for variant classification as specified before.

2.5  |  Gene expression analysis by RT-PCR

RNA extraction was performed using the miRVana™ miRNA 
isolation kit (Ambion Life Technologies #AM1560) following 
the manufacturer's instructions for total RNA isolation. 
Specifically, EMBs were thawed on ice in 1ml Lysis/Binding 
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buffer followed by homogenization using the TissueLyser II 
(Qiagen #85300) using the setting 50 oscillations/second for 
5 min. The RNA was eluted in 50 µl nuclease free water that 
had been preheated to 95°C. cDNA synthesis was performed 
from 100 ng RNA per sample using the Superscript II reverse 
transcription kit (Thermo Scientific™ #18064014) following the 
manufacturer's instructions and using a T100™ Thermal Cycler 
(BIO-RAD, #1861096). The final cDNA synthesis reaction was 
diluted 1:10 with nuclease free water prior to qPCR. Primers 
were ordered from Eurogentec with purification by desalting 
and designed to measure mature mRNA by spanning exon-
exon boundaries, with a melting temperature (Tm) of between 
58°C–62°C and the maximum Tm difference of the primer pair 
being 0.5°C, a GC content of the primers between 45%–61% 
and a product size between 90–150 bp. In addition, the absence 
of primer secondary structure and predicted primer dimers was 
verified in silico. Furthermore, in silico PCR was performed to 
confirm absence of nonspecific DNA amplification using the 
web-based UCSC In-Silico PCR programme (http://genome.
ucsc.edu/cgi-bin/hgPcr​). Each RT-qPCR reaction was performed 
in technical triplicate, with the mean Ct value of the triplicates 
taken forward into subsequent analysis when the values are all 
within 0.6 Ct. QPCR was performed using a CFX96 Touch™ 
Real-Time PCR Detection System (BIO-RAD #1855195), iQ™ 
Supermix (BIO-RAD #1708860), a final primer concentration 
of 200 nM and PCR programme: 95°C 3 min, (95°C 15 s, 60°C 
1 min) × 45 cycles. Expression data of targets were normalized 
to the geometric mean of three reference genes, GAPDH, 
SDHA, and TBP, which demonstrated stability between samples 
from the same amount of starting material.

2.6  |  Statistical analysis

Statistical analysis was performed in GraphPad Prism v7 by 
means of a one-way ANOVA with post hoc Tukey analysis for 
multiple comparisons for each target gene analyzed. Changes 
in expression were accepted to be significant when the p-value 
was below .05 unless otherwise stated. Statistical stars on data 
figures represent *p ≤ = .05, **p = ≤ .01, ***p = ≤ .001.

3  |   RESULTS

3.1  |  Patient population

The baseline characteristics of our DCM cohort are shown in 
Table 1. Only patients who had genetic analysis using WES 
were included, irrespective of the presence of a pathogenic 
mutation or other etiology. Twenty-six percent (37/142) of 
patients had a pathogenic mutation of which 46% (17/37) had 
at least one relative with DCM. Fifteen percent (22/142) of the 
total population had familial DCM without a proven mutation.

3.2  |  Ranking of newly discovered 
candidate genes

After the network ranking and prioritization based on known 
DCM-associated genes, we selected 21 genes which were not 
previously associated with DCM in patients (Table 2). The five 
most promising genes were selected based on the ranking of 

T A B L E  1   Baseline characteristics of the included DCM patients

Parameter
Total cohort 
(n = 142)

Female gender 45 (32%)

Age 51 ± 12

Etiologies and phenotype

Familial disease 39 (27%)

Muscle involvement 8 (6%)

Genetic mutation 37 (26%)

Electrical disease 47 (33%)

Toxic trigger 8 (6%)

Peripartum 3 (2%)

Systemic 12 (8%)

Inflammation 37 (26%)

Viral 11 (8%)

Viral-positive inflammation 8 (6%)

Arrhythmias

AV block 18 (13%)

Left bundle branch block 45 (32%)

Nonsustained VT 44 (31%)

Atrial fibrillation 37 (26%)

Outcome

Pacemaker 7 (5%)

ICD 23 (16%)

CRT-D 39 (27%)

HF rehospitalization 13 (9%)

Death 11 (8%)

Heart transplantation 2 (1%)

Life-threatening arrhythmia 23 (16%)

Baseline echocardiography

LVEF 30 ± 11

LVEDD 62 ± 9

LVESD 53 ± 11

IVS 9 ± 2

PW 9 ± 1

EA ratio 1.2 ± 0.6

Abbreviations: AV, atrioventricular; CRT-D, cardiac resynchronization therapy 
device; HF, heart failure; DCM, dilated cardiomyopathy; ICD, implantable cardiac 
defibrillator; IVS, interventricular septum; LVEDD, left ventricular end-diastolic 
diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-
systolic diameter; PW, posterior wall thickness; VT, ventricular tachycardia.

http://genome.ucsc.edu/cgi-bin/hgPcr
http://genome.ucsc.edu/cgi-bin/hgPcr
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coexpression with DCM genes, type of mutation, biological 
context (location and function), tissue expression of the gene, 
and potential evidence from animal knockout models (Tables 2 
and 3). All variants in these five genes were analyzed according 
to the ACMG diagnostic guidelines for variant classification, 
resulting in a list of interesting variants (ACMG class 2/3 or 3): 
PDLIM5 (n = 2 variants), CMYA5 (n = 2 variants), SPEG (n = 3 
variants), SYNM (n = 2 variants), and ALPK3 (n = 1 variant) 
(Table 3). PDLIM5 was chosen as top candidate considering 
all collected data (Tables 2 and 3), and an additional case of an 
infant with a homozygous PDLIM5 deletion.

3.3  |  Cardiac phenotype in an infant with a 
homozygous PDLIM5 deletion

In a family from native American origin, the firstborn child of 
healthy consanguineous parents was born at 37 weeks gestation 
(Figure 1b). The newborn fed poorly. By 3 days old, he was 
lethargic, cyanotic, and in respiratory distress. Echocardiography 
revealed a large patent ductus arteriosus, small ventricular septal 
defect with left to right shunt, small atrial septal defect with 
bidirectional flow, and cardiac dilatation (initially right-sided, 
with subsequent dilatation of all four chambers) with systolic 
dysfunction. The infant was poorly responsive to treatment with 
dopamine, ACE inhibitor, and diuretics. He underwent patent 
ductus arteriosus ligation at 6 weeks old. The cardiac dilatation 
resolved, and he was weaned off all medications by 4 months 
old. However, he then experienced growth failure. Family 
history was negative for sudden death, cardiomyopathies, or 
congenital heart disease. Echocardiography of the mother 
revealed normal structural findings.

Whole-genome sequencing revealed a homozygous chro-
mosomal deletion of 10.16 kb at the start of PDLIM5 (Hg19: 
chr4:95,376,436–chr4:95,386,599) which was heterozygous 
present in both healthy parents. The deletion starts in the sec-
ond exon and includes nucleotides of the start codon for the 
heart-specific isoform (Figure 2). It leaves only the first 39 nu-
cleotides of the exon intact and encompasses deletion of the 
remaining 259 nucleotides of the second exon, including the 
start codon. In-silico analysis predicts loss of the start codon 
of almost all isoforms. The effect of the homozygous mutation 
is most likely devastating for the PDLIM5 protein as both the 
start codon and the donor splice site of the second exon essen-
tial for the cardiac expression of the gene are deleted. This loss 
of PDLIM5 and early-onset cardiac disease, is a first proof of 
principle for a connection between the gene and DCM.

3.4  |  PDLIM5 variants in a DCM cohort

The next step was to investigate the heterozygous PDLIM5 
variants identified in the DCM cohort. In total, we detected G
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five variants in PDLIM5: one frameshift, one nonsense, and 
three nonsynonymous missense variants (Table S2). Both LoF 
variants were extremely rare in reference database, located in 
functional domains of the protein and predicted to have functional 
consequences, and therefore classified as class 3. In contrast, the 
missense mutations were less rare in the gnomAD database.

The human PDLIM5 gene constitutes of 625 amino acids 
and is divided in 29 exons. The gene is highly complex as it 

undergoes extensive splicing; currently 23 splice variants have 
been described that have tissue-specific expression. Using 
the available expression data of the PDLIM5 isoforms in the 
GTEx portal, we could identify ENST00000508216.1 and 
ENST00000380180.3 as almost exclusively expressed in the 
heart and therefore representing the cardiac isoforms (Figure 2).  
After mapping of our variants to the cardiac isoforms, one 
LoF and one missense variant were in an exon included in the 

T A B L E  3   All class 3 variants in the top 5 DCM-candidate genes

Gene Nucleotide change Amino acid change PhyloP CADD_PHRED Grantham Score gnoMAD Classa 

ALPK3 c.4447C > T p.Arg1483Trp 0.104 18.9 101 7/246240 3

CMYA5 c.8161A > T p.Lys2721* 2.513 49 1,000 2/276328 3

CMYA5 c.8885T > G p.Ile2962Ser 6.939 19.61 142 0 2/3

PDLIM5 c.189_190delinsGG p.Leu64Glyfs*15 1.665 19.85 1,000 0 3

PDLIM5 c.1333C > T p.Arg445* 1.874 40 1,000 1/30906 3

SPEG c.437G > C p.Arg146Pro 2.477 17.55 103 0 3

SPEG c.7442C > T p.Ser2481Leu 3.364 10.74 145 1/30942 2/3

SPEG c.7442C > T p.Ser2481Leu 3.364 10.74 145 1/30942 2/3

SYNM c.1929G > A p.Val643Ile 4.667 24.9 0 8/277020 2/3

SYNM c.2838C > T p.Arg946Trp 1.89 19.32 0 19/266622 2/3
aClassification according to the ACMG guidelines. 

F I G U R E  1   (a) Segregation of the PDLIM5 frameshift variant (p.Leu64Glyfs*15) in a dilated cardiomyopathy (DCM) family with also 
a truncating TTN variant (p.Thr32477Asnfs*). The index patient (II:3; arrow) has DCM and carries both mutations, just like his cousin (III:1). 
His niece (III:2) also carries both mutations, but only has left ventricular dilation without a decreased ejection fraction. Both her children had 
no phenotype at cardiac screening but were only tested for the TTN variant. The other cousin (III:4) is known with DCM but did not consent for 
genetic analysis. (b) Whole genome sequencing revealed a homozygous deletion in PDLIM5 in a newborn with congenital heart disease (II:1). Both 
parents were heterozygous for this variant. Echocardiography of the mother revealed no structural abnormalities

(a) (b)
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cardiac isoform (Figure 2). Since the other three found variants 
are absent or only very low expressed in the heart, they are 
probably not contributing to the cardiac phenotype. The clin-
ical characteristics of both patients who carry a variant in the 
cardiac isoform can be found in Table S3.

3.5  |  Burden of PDLIM5 loss-of-function 
variants in a control cohort

PDLIM5 has a pLi-score of 0.01, suggesting its tolerance 
for LoF variants. However, the pLi-score does not make a 
distinction among different isoforms. We used available WES 
data of our control cohort of 26,000 individuals to extract a 
list of LoF variants in PDLIM5. We identified 12 truncating 
variants (10 unique variants; prevalence of 0.05%) and 
mapped them along the gene. All the LoF variants identified 
were localized in the 3' ending of the gene and not expressed 
in the cardiac isoforms near the PDZ-domain at the 5' ending 
(Figure 2). This highlights the scarcity of LoF mutations, and 
in particular the variants in cardiac isoforms we detected in 
our DCM cohort (2/142; prevalence of 1.4%), depicting the 
frameshift in the PDZ-domain of PDLIM5 (p.Leu64Glyfs*15).

3.6  |  Clinical characteristics associated with 
a heterozygous frameshift PDLIM5 variant

We focused on the family with the most interesting frameshift 
mutation (p.Leu64Glyfs*15), as the other LoF variant was 
not in the cardiac isoform and the missense variant in the 

cardiac isoform was too prevalent in gnomAD (Table S2). 
The frameshift variant was found in a male patient of 67 years 
old who presented with acute heart failure (LVEF 10%) and 
atrial fibrillation (AF). He rapidly normalized after initial 
medical treatment with standard heart failure therapy (LVEF 
53%). Diagnostic work-up revealed a pathogenic truncating 
TTN mutation (c.97427dup; p.Thr32477Asnfs*13) which 
segregated with the phenotype among the relatives (Figure 1a; 
Table 4). In all tested affected family members the PDLIM5 
variant was detected (c.189_190delinsGG; p.Leu64Glyfs*15).

3.7  |  Cardiac PDLIM5 expression in 
DCM patients

RNA was isolated from cardiac tissue of the patient with the 
PDLIM5 frameshift variant and eight control DCM patients. 
The short isoform of PDLIM5 was detected in all cardiac 
tissues, in contrast to the longer isoforms which could not 
be detected. Instead, the longer isoform could be detected in 
cDNA of a mixed HEK/HeLa cell line, confirming tissue-
specificity of the different isoforms of PDLIM5.

PDLIM5 expression is correlated to LVEF: a higher ex-
pression was observed in the patients with a higher LVEF 
(p < .001, R2: .91; Figure 3a). In contrast, PDLIM5 RNA was 
highly expressed in the heart of the patient with the PDLIM5 
frameshift variants although he had a LVEF of 10% (Figure 
3b). In line with previous research regarding a PDLIM5-
knockout mouse developing DCM (Cheng et al., 2010), we 
investigated the most important interactors of PDLIM5 which 
showed transcriptional upregulation after loss of PDLIM5: 

F I G U R E  2   Cardiac isoforms of PDLIM5 in comparison with the longer isoform in the brain. Note the low expression of the transcript 
in the brain compared to the heart (TPM = transcripts per million). Exon skipping of the cardiac isoform is shown by the red line in the gene 
model. Position of truncating variants in the control population correspond to their respective genomic location using the GRCh38 human genome 
assembly

1 2 3 4 5 6 7 8+9 10 11+12 13+14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

PDZ domain

p.Leu64Glyfs*15 p.Pro92Leu p.Pro213Arg p.Arg445* p.Lys479Arg

Heart – Le� Ventricle (median TPM: 80.76)

Brain – Cerebellum (median TPM: 5.81)

ENST00000508216.1

ENST00000380180.3

ENST00000437932.1
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LDB3 and MYOZ2 which form a complex with PDLIM5 at 
the Z-line, in close interaction with MYOT (Figures 4 and 5).  
All the PDLIM5-interactors were also upregulated in the 
myocardium of our patient (Figure 4).

4  |   DISCUSSION

This study used an innovative method to discover new 
DCM-associated genes in WES data. We ranked variants in 
PDLIM5, CMYA5, SPEG, SYNM, and ALPK3 as the most 
promising disease candidate genes using computational 
ranking based on coexpression followed by strict variant 
selection. The interesting complexity and tissue-specificity 
of PDLIM5 isoforms called for further investigation of 
this gene, although the other genes also require additional 
research. Based on the computational, literature and molecular 
indications we show altered RNA expression of PDLIM5 in 
a patient carrying a heterozygous frameshift mutation in the 
short cardiac isoform. Moreover, the patient also harbors a 
pathogenic TTN mutation that segregates with the disease 
in the family. All affected family members that were tested 
also harbored the PDLIM5 variant. Heterozygous mutations 
in PDLIM5 do not seem to play a major role in DCM, but 
it can be speculated that myocardial PDLIM5 dysfunction 
leads to increased susceptibility of the heart to develop DCM. 
The familial segregation of both TTN and PDLIM5 and high 
disease penetrance is suggestive for an additive effect of 
both mutations in the development of DCM. In addition, a 
neonatal cardiac patient carrying a homozygous PDLIM5 

deletion strongly suggests the association between PDLIM5 
dysfunction and cardiac failure.

4.1  |  Genetic complexity of PDLIM5

Four major isoforms of PDLIM5 have been identified: one 
long isoform (ENH1) expressed in all tissues, and three 
shorter isoforms (ENH2-4) that are mainly expressed in 
cardiac and skeletal tissues (Niederlander, Fayein, Auffray, 
& Pomies, 2004). ENH1 appears to be the embryonic isoform 
in the heart, whereas ENH2-4 are found in the adult heart 
(Yamazaki et al., 2010). Subsequent research showed that 
PDLIM5 undergoes even more extensive splicing and that 
there are multiple isoforms in the mouse, and 23 transcripts in 
the human; although only 14 are shown to be protein coding 
(Cheng et al., 2010; GTEx Consortium, 2013). We showed 
that only the short isoform could be found in the human 
myocardium, and that the longer isoforms were undetectable. 
This strongly indicates tissue specificity of the short form of 
PDLIM5 in the heart. The heterozygous frameshift mutation 
we found in exon 6 is present in almost all isoforms of 
PDLIM5. Remarkably, the LoF mutations detected in a large 
control cohort were all located in exons not present in the 
cardiac isoforms of PDLIM5. In addition, the homozygous 
deletion started in exon 2 including the start codon which 
probably prevents the transcription of PDLIM5 including 
the cardiac isoform. Therefore, it is unlikely that variants 
occurring in exons not included in the cardiac isoform will 
have any effect on cardiac function.

T A B L E  4   Clinical features of affected patients with PDLIM5 mutations

Individual Sex Origin
Age at 
diagnosis Presenting symptoms Outcome Genotype

A-II:3 M Dutch 67 Acute heart failure Normalized LVEF Heterozygous TTN: 
p.Thr32477Asnfs* + heterozygous 
PDLIM5: p.Leu64Glyfs*15

A-III:1 M Dutch 26 Severe biventricular 
DCM

Normalized LVEF Heterozygous TTN: 
p.Thr32477Asnfs* + heterozygous 
PDLIM5: p.Leu64Glyfs*15

A-III:2 F Dutch 48 LV dilatation at 
echocardiography

Stable cardiac 
function

Heterozygous TTN: 
p.Thr32477Asnfs* + heterozygous 
PDLIM5: p.Leu64Glyfs*15

A-III:4 M Dutch 26 Severe DCM with 
NSVTs

LVEF 30%, multiple 
appropriate ICD 
shocks

NA

B-III:1 M Native 
American

At birth Patent ductus arteriosus, 
ventricular and atrial 
septal defect, and 
cardiac dilation

Normalized cardiac 
dimensions

Homozygous PDLIM5 
deletion of 10.16 kb (Hg19: 
chr4:95,376,436–chr4:95,386,599)

Abbreviations: DCM, dilated cardiomyopathy; F, female; ICD, implantable cardiac defibrillator; LV, left ventricular; LVEF, left ventricular ejection fraction; M, male; 
NSVT, nonsustained ventricular tachycardia.
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F I G U R E  3   (a) Association between 
PDLIM5 expression in the heart and left 
ventricular ejection fraction (LVEF) in 
the patient with the PDLIM5 frameshift 
mutation and eight control dilated 
cardiomyopathy (DCM) patients. (b) 
Expression of PDLIM5 mRNA in the 
cardiac biopsy of the patient with the 
PDLIM5 frameshift mutation and two DCM 
control groups with high and low LVEF, 
respectively. Statistical stars on data figures 
represent ***p ≤ .001

(a)

(b)

F I G U R E  4   Expression of known 
interactors with PDLIM5 in the cardiac 
biopsy of the patient with the PDLIM5 
frameshift mutation and two dilated 
cardiomyopathy (DCM) control groups 
with high and low left ventricular ejection 
fraction (LVEF), respectively. Statistical 
stars on data figures represent ***p ≤ .001
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4.2  |  Homology within the PDLIM 
protein family

All PDLIM proteins can be divided into two subfamilies: the 
ALP and Enigma family (Zheng, Cheng, Banerjee, & Chen, 
2010). PDLIM5 is located at the Z-line of the sarcomere, 
in a complex formed by the Enigma family (Sequeira, 
Nijenkamp, Regan, & van der Velden, 2014). All members 
of the Enigma family interact directly with α-actinin-2, 
and constitute of PDLIM7 (also called LMP), LDB3 (also 
called ZASP; and PDLIM6 in the past), and PDLIM5 (also 
called ENH). They contain a N-terminal PDZ domain and 
3 C-terminal LIM-domains which are used for binding to 
α-actinin and multiple signaling proteins. Variants in LDB3 
are well-known and investigated as cause for dilated and 
hypertrophic cardiomyopathies in human and mice (Vatta et 
al., 2003; Zheng et al., 2009). Variants in PDLIM7 have not 
been described in humans. However, a PDLIM7 knockout 
mouse developed mild cardiac dysfunction mainly due to 
structural aberrations of the cardiac valves, despite the main 
tissue expression of human PDLIM7 is in the vascular and 
gastrointestinal system (Krcmery et al., 2013). This contrasts 
with PDLIM5 and LDB3 which are mainly expressed in the 
heart.

Next to the Enigma-family of PDLIM-proteins, the ALP-
family constituting of PDLIM1-4, all contain 1 C-terminal 
LIM-domain (Zheng et al., 2010). Although all members of 
the Enigma-family have been linked to a cardiac phenotype in 
animal models, only a PDLIM3 knockout mouse is related to 
isolated right ventricular DCM (Pashmforoush et al., 2001). 
Selective genotyping of PDLIM3 in 185 DCM patients 
yielded one suspicious variant in a 33-year-old woman who 
developed DCM during her pregnancy (Arola et al., 2007). 
Transfection experiments with the specific variant showed no 

exogeneous PDLIM3 expression. They speculated that myo-
cardial PDLIM3 deficiency could have increased the suscep-
tibility of the maladaptive responses to the hemodynamic and 
hormonal burdens of pregnancy. Variants in PDLIM3 do not 
seem to play a causal role in DCM, however, due to their 
multiple significant interactions at the Z-line, they may play 
a role in the disease pathogenesis by unknown mechanisms. 
In line with this observation, the same might be true for 
PDLIM5 in DCM, suggesting a contributing role for PDLIM-
variants in the pathogenesis of DCM.

4.3  |  PDLIM5 and its interactors in 
cardiac disease

The finding of LDB3 variants DCM is a strong indication 
that additional members of the Enigma subfamily could be 
involved in DCM, corroborated by the presence of cardiac-
specific isoforms of human PDLIM5. Indeed, a cardiac-
specific ENH (PDLIM5) knockout mouse model developed 
DCM within 3  months with progressive deterioration 
(Cheng et al., 2010). Recently, it was shown that novel 
polymorphisms in PDLIM5 are associated with an increased 
risk for developing DCM in a Chinese Han population (Wang 
et al., 2019). In addition, the congenital heart disease in an 
infant with a homozygous PDLIM5 deletion strengthens the 
association between PDLIM5 and cardiac (dys)function. 
We observed a correlation between LVEF and PDLIM5 
expression, with a decrease in PDLIM5 expression with 
decreasing LVEF in patients without a PDLIM5 LoF variant. 
In contrast, our patient with a frameshift mutation had an 
increased expression of PDLIM5 despite of a low LVEF of 
10%. This could indicate a strong compensatory effect by the 
wild-type allele due to the frameshift mutation in PDLIM5, 

F I G U R E  5   Schematic figure of the 
Z-line in the cardiomyocyte. PDLIM5 has 
a direct interaction with LDB3 and forms 
a complex together with calsarcin. They 
bind to α-actinin-2 on one side and to the 
filamin C-complex at the other side. The 
large protein titin also binds to α-actinin-2. 
The patient described in our manuscript has 
a loss of function mutation in both TTN and 
PDLIM5 (as indicated by an asterisk)
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irrespective of the functional status of the cardiomyocyte. 
However, this finding needs to be validated and investigated 
in more detail.

It is important to realize the complexity of the Z-line 
which constitutes of many different protein complexes in-
volved in the signal transduction, myocyte stability, and 
force transmission (Sequeira et al., 2014). Besides the 
Enigma family, myotilin (MYOT) and calsarcin (MYOZ2) 
also bind to α-actinin-2, and a previous pull-down assay 
showed complex formation between PDLIM5, LDB3 and 
MYOZ2 (Cheng et al., 2010). The cardiac-specific knock-
out of PDLIM5 subsequently led to a significant decrease 
in MYOZ2 and LDB3 and a strong increase in MYOT pro-
tein expression over time, probably to compensate for the 
loss of the PDLIM5-containing complex. This was accom-
panied by an increase in the RNA expression of MYOZ2 
and LDB3, suggesting a posttranslational mechanism for 
the decreased protein expression and not due to decreased 
mRNA synthesis. In our experiments, we also observed an 
increase in LDB3, MYOZ2, and MYOT RNA expression in 
our patient, although we could not verify their expression 
at protein level. MYOZ2 has been shown to interact with 
filamin C (FLNC), which directly interacts with β1 integ-
rin, and is associated with the sarcoglycan and dystrogly-
can complexes at the sarcolemma (Gontier et al., 2005). In 
the knockout model, these filamin C-associated complexes 
were upregulated, suggesting a compensatory mechanism 
to strengthen the disruption of the Z-line stability to the 
extracellular matrix (Cheng et al., 2010).

4.4  |  Potential link between 
PDLIM5 and TTN

Besides these complexes, titin (TTN) is also an important 
protein which binds directly to α-actinin-2 (Ware & Cook, 
2018). The fact that both PDLIM5 and TTN bind to the 
same protein in the Z-line, makes our patient with a LoF 
mutation in both genes very interesting. Evidence is 
accumulating that truncating variants in TTN (TTNtv) are 
likely to be susceptibility variants needing a second hit to 
develop a pronounced phenotype (Ware & Cook, 2018). 
In the general population, ~0.4% carries a TTNtv with an 
estimated penetrance of 12% (Ware & Cook, 2018). This 
would mean that only a minority of the TTNtv carriers will 
develop a phenotype. Apparently, the heart can compensate 
adequately for the physiological consequences of TTN 
haploinsufficiency (Schafer et al., 2017; Verdonschot et al., 
2018). Multiple studies have shown an increased burden 
of TTNtv in populations with acquired causes for DCM, 
such as chemotherapy, pregnancy and alcohol (Linschoten 
et al., 2017; Ware et al., 2018, 2016). It is likely that, 
besides acquired factors, also multiple genetic modifiers 

can influence the penetrance of TTNtv. PDLIM5 is a good 
candidate to be such modifier as it is physically involved in 
the Z-line in approximation of titin attached to α-actinin-2. 
Two patients with a pronounced DCM and one with LV 
dilation in our family all carried the mutation in PDLIM5 
and TTN. This high penetrance of disease could be due to 
the combination of both mutations, as disease penetrance 
in TTN-associated DCM is relatively low, however 
further investigations are necessary to better dissect this 
protein–protein interaction. The concept of mutations as 
susceptibility factor was elegantly shown in hypertrophic 
cardiomyopathy (HCM) patients with a MYL2 mutation 
(Claes et al., 2016). Carriers of the mutation only developed 
HCM when hypertension was present, clearly showing a 
gene–environment interaction for disease development.

4.5  |  Limitations

This study describes only two families; therefore, the results 
should be interpreted with caution. However, data from our 
families and the previous animal studies suggest that PDLIM5 
is an interesting candidate to investigate further in relation 
to DCM. Functional studies are necessary to estimate any 
consequences related to the specific described heterozygous 
mutations, in absence and presence of any additional mutation 
in the Z-line proteins. As cardiac tissue obtained during life 
is quite limited, we did not have enough tissue from the 
patient with the frameshift mutation to study PDLIM5 at the 
protein level. Therefore, we were limited to the data from 
RNA expression. Also, as cardiac tissue is gathered during 
a diagnostic procedure, we do not have any available tissue 
from healthy control subjects for measuring RNA expression. 
Some individuals that tested mutation-negative in our study 
may have other monogenic causes that are not covered by 
the diagnostic 47 gene DCM panel. As an extension of 
this, in an ideal situation we would have the WES data of a 
DCM cohort constituting of familial disease without proven 
pathogenic mutation in the absence of an underlying, as 
this will increase the likelihood of identifying novel genetic 
variants. However, due to our extensive diagnostic trajectory 
we already identified a contributing etiology in most DCM 
patients. Although this does not necessary exclude a genetic 
predisposition.

5  |   CONCLUSION

Computational ranking based on coexpression is a valid tool 
to create a shortlist of interesting DCM-associated candidate 
genes. Our study suggests a role for PDLIM5 in DCM, 
although heterozygous mutations are not a major cause of 
DCM in contrast to a homozygous LoF mutation which leads 
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to early onset cardiac disease. However, as PDLIM5 plays 
a major role in contracting cardiomyocytes, a heterozygous 
LoF is likely to play a role in disease development. Other 
environmental and/or genetic factors are probably necessary 
to unveil the cardiac phenotype in heterozygous PDLIM5 
mutation carriers.
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