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Abstract
Purpose of Review  The disease burden of inherited dilated cardiomyopathy (DCM) is large and likely underestimated. This 
population stands to benefit immensely from therapeutic approaches tailored to the underlying genetic causes. Here, we 
review recent advances in understanding novel genotype–phenotype relationships and how these can improve the care of 
patients with inherited DCM.
Recent Findings  In the last several years, discovery of novel DCM-associated genes, gene-specific DCM outcomes, and 
nuanced information about variant-environment interactions have advanced our understanding of inherited DCM. Specifi-
cally, novel associations of genes with specific clinical phenotypes can help to assess sudden cardiac death risk and guide 
counseling around behavioral and environmental exposures that may worsen disease.
Summary  Important expansions of the current genotype-phenotype profiling include the newly DCM-associated FLNC 
variant, prognostically significant LMNA, DSP inflammatory cardiomyopathy, and the highly penetrant features of RBM20 
variants as well as the role of TTN variants in compounding the effects of environmental factors on toxin-mediated DCM. 
Future directions to improve diagnostic accuracy and prognostic improvement in DCM will center not just on identification 
of new genes, but also on understanding the interaction of known and novel variants in known DCM genes with patient 
genetic background and environment.

Keywords  Dilated cardiomyopathy · Genetic disease · Precision medicine · Population genomics · Inherited 
cardiomyopathy

Introduction

Heart failure (HF) therapeutics have seen exponential 
growth in recent years with the advent of angiotensin 
receptor blocker plus neprilysin inhibitors (ARNIs) and 
the SGLT2 inhibitors dapagliflozin and empagliflozin [1]. 
However, the incidence of HF continues to grow worldwide, 
and significant heterogeneity in the clinical outcomes and 
presentation of HF patients indicates an outsized need for 

personalized approaches to treatment. Among patients with 
HF with reduced ejection fraction (HFrEF), a significant 
portion has dilated cardiomyopathy (DCM) with inherited 
DCM making up an estimated 50% of nonischemic CM 
cases [2]. This highlights a population that stands to ben-
efit immensely from therapeutic approaches tailored to the 
underlying genetic cause of their disease.

DCM was last defined by the ESC and AHA in 2008 
and 2006, respectively, as the left ventricular (LV) or biven-
tricular dilatation and systolic dysfunction with normal wall 
thickness, and the absence of abnormal loading conditions 
or coronary artery disease sufficient to cause global sys-
tolic impairment [3, 4]. Since that time, several new HfrEF 
classification systems have been proposed in an effort to 
improve diagnosis and therapeutics, but none has captured 
the full heterogeneity of disease inherent to DCM [5, 6]. The 
presentation of DCM may include decline in LV contractile 
function and progressive LV dilation, clinical heart failure, 
ventricular and supraventricular arrhythmias, conduction 
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system disease, thromboembolism, and/or sudden cardiac 
death; however, a number of patients present with symptoms 
preceding any structural changes [7]. DCM affects younger 
individuals with a 3:1 male to female predominance, and 
some studies demonstrate a threefold increased risk for 
DCM among Black individuals, who also have a twofold 
increased mortality risk [8]. Otherwise, risk predictors for 
DCM disease progression remain difficult to personalize for 
patients due both to this inherent heterogeneity of presenta-
tion and the lack of precise disease definitions.

However, a substantial proportion of DCM patients may 
carry a diagnostic sign that enables precision or person-
alized therapy: an underlying genotype causative of their 
DCM (Fig. 1). Indeed, emerging evidence suggests that 
genetic diagnosis in DCM can confer differential outcomes, 
in particular, with respect to progression to transplant or 
early sudden cardiac death [9]. Further, emerging programs 
for gene-specific cardiomyopathy therapies are underway. 
However, the diagnostic yield of genetic testing in DCM lags 
behind that of other cardiovascular diseases [10]. This is not 
likely due to a low prevalence of genetic causes, but rather to 
our incomplete understanding of the genetic causes of DCM 
both at the level of specific variants in known DCM genes 
and at the level of novel genes themselves [11]. Further, 
prior models of strict Mendelian variants solely causative 
of disease versus truly polygenic risk alleles have evolved 
toward a more nuanced model in which variants of differ-
ential effect size are additive with each other (e.g., genetic 
background) as well as with environmental exposures 

to explain disease penetrance and expressivity [12••]. In 
the last several years, discovery of novel DCM-associated 
genes, gene-specific DCM outcomes, and nuanced informa-
tion about variant-environment interactions has pushed this 
field forward (Fig. 2). Here, we will briefly review the cur-
rent state of knowledge regarding the genetic architecture of 
DCM and then explore deeply gene-specific cases of recent 
advances in this field.

Current State of Knowledge: Genetic 
Architecture of DCM

While genetically heterogeneous, DCM is largely autoso-
mal dominant in inheritance. A number of genes affecting 
a spectrum of cellular function and myocardial structures 
have been associated with inherited DCM. While the typi-
cal DCM clinical genetic testing panel sequences ~50 genes 
previously associated with DCM, marginal return of genetic 
diagnosis in expanding the number of genes tested is small 
and comes with increased identification of variants of uncer-
tain significance and variants within genes of uncertain asso-
ciation with DCM [13].

In likely the most comprehensive gene burden analysis 
to date for inherited cardiomyopathies, Walsh et al. inves-
tigated 46 genes previously reported to be associated with 
DCM [14]. Among the most striking findings of this study 
was that only 15 of these genes displayed strong evidence 
for DCM association in the population (Table 1). In fact, in 

Fig. 1   The genotype–phenotype 
interface in dilated cardiomyo-
pathy. Key: DCM, dilated car-
diomyopathy; ACM, arrhythmo-
genic cardiomyopathy; HCM, 
hypertrophic cardiomyopathy
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2020, a reassessment of the Mendelian genetics of DCM 
found only 11 of these to be robustly disease-associated 
(Indicated by * in Table 1) and added BAG family molecular 
chaperone regulator 3 (BAG3) to this list [12••]. Critically, 
in both studies, particular classes of variants (truncating or 
missense) were differentially associated with DCM in these 
genes. Additionally, a recent comprehensive systematic 
review of 51 genes highlighted twelve genes categorized 
as definitively or strongly association with idiopathic DCM 
(BAG3, DES, DSP, FLNC, LMNA, MYH7, PLN, RBM20, 
SCN5A, TNNC1, TNNT2, TTN), whereas seven others 
showed only moderate evidence (ACTC1, ACTN2, JPH2, 
NEXN, TNNI3, TPM1, VCL) [15]. A 2022 Expert Consen-
sus Statement by the European Heart Rhythm Association 
highlights the diagnostic yield of testing for these genes in 
patients with DCM, recommending that those 12 genes with 
the strongest evidence above be included and adding that 
moderate evidence genes may also be included at provider 
discretion [16].

These data suggest that while much of currently recog-
nized inherited DCM is explained by these specific genetic 

Fig. 2   Timeline of genetic variant discovery in DCM. Key: DCM, dilated cardiomyopathy; ARVC, arrhythmogenic right ventricular cardiomyo-
pathy; ACM, arrhythmogenic cardiomyopathy; ICD, implantable cardiovert

Table 1   Associated genetic variants for DCM

DCM dilated cardiomyopathy, OR odds ratio, CI confidence interval
* indicates genes with robust DCM association

Gene ORNONTRUNCATING [95% CI] ORTRUNCATING [95% CI]

ACTC1* 5.92 [2.11–16.6] 27.3 [2.47–301.4]
DSP* 1.55 [0.99–2.43] 41.0 [21.4–78.4]
LAMA4 2.34 [1.03–5.33] 4.06 [0.25–66.0]
LMNA* 4.83 [3.31–7.06] 99.7 [42.5–233.5]
MYH7* 3.99 [3.09–5.14] 1.59 [0.22–11.6]
NEXN* 3.78 [1.39–10.2] 10.0 [1.37–73.7]
PLN* 6.64 [2.00–22.0] 13.8 [1.54–123.7]
SCN5A 0.56 [0.21–1.51] 16.5 [5.05–54.1]
TCAP 5.51 [2.56–11.8] 3.22 [0.19–54.1]
TNNC1* 35.1 [10.6–115.7] 75.6 [3.61–1581.1]
TNNI3 3.46 [1.68–7.12] 0.97 [0.06–15.9]
TNNT2* 13.8 [9.52–20.2] 1.30 [0.08–21.5]
TPM1* 20.8 [12.2–35.5] 52.9 [7.45–376.2]
TTN* - 19.7 [15.0–26.0]
VCL* 1.56 [0.80–3.02] 21.3 [7.23–62.8]
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diagnoses, familial disease may account for up to one half 
of cases of asymptomatic DCM [6, 8]. Given this, the low 
diagnostic yield of current testing methods belies signifi-
cant missing heritability in DCM. Although these studies 
suggest that adding additional genes to genetic testing pan-
els may not significantly increase the diagnostic power of 
genetic testing, the possibility remains that the majority of 
inherited DCM is due to small numbers of patients with rare 
variants in a large number of novel genes. It is also likely 
that variants of uncertain significance (VUS) in established 
DCM genes preclude diagnostic identification in a majority 
of patients. Additionally, the complexity of polygenic risk 
and environmental influences on DCM expression and pen-
etrance remain to be fully understood.

Filamin C (FLNC): a Novel Gene Causing 
Arrhythmogenic DCM

The Filamin C (FLNC) gene was historically implicated in 
myofibrillar myopathy and hypertrophic cardiomyopathy 
due to missense variants in its ROD2 domain [17, 18]. How-
ever, new data has reported a significant association between 
truncating variants in FLNC and dilated and arrhythmogenic 
cardiomyopathies (ACM) with multiple cohort level stud-
ies confirming pathogenicity [19, 20, 21•]. The filamin C 
protein is responsible for actin cross-linkage between the 
sarcomeric Z-disc and the sarcolemma and therefore physi-
ologically instructs mechanotransduction in cardiomyocytes 
[22]. This specific pathophysiology is highly associated with 
ACM and arrhythmogenic phenotypes [19].

The most recent longitudinal data available shows that 
FLNC truncating variants (FLNCtv) result in variable pheno-
typic presentations of DCM, generally characterized by high 
rates of malignant ventricular rhythms, even in the absence 
of significant ventricular remodeling, consistent with an 
arrhythmogenic cardiomyopathy phenotype [20]. These same 
reports estimate that FLNCtvs account for approximately 
3–4% of DCM cases [20, 21•]. The presence of FLNC trun-
cating variants has potential to inform indication for primary 
prevention ICD in DCM patients even in the absence of struc-
tural disease based on additional clinical risk stratification, 
which may include the presence of nonsustained ventricular 
tachycardia [21•]. Other cardiac phenotypes associated with 
FLNC variants include restrictive cardiomyopathy, congenital 
heart disease, ARVC, and noncompaction cardiomyopathy 
[17, 19]. In addition to FLNC being a gene newly associated 
with DCM, the arrhythmogenic clinical profile of FLNCtv 
DCM exemplifies a group of DCM genes that have recently 
revealed themselves to be highly arrhythmogenic. A 2019 
Heart Rhythm Society Expert Consensus Statement indicates 
ICD implantation as a reasonable recommendation (class IIa) 

in FLNC variant ACM patients with EF < 45% [23]; though 
given recent data above from Gigli et al. [21•], it is clear than 
additional risk factors other than EF alone may be helpful 
in identifying those at high risk of SCD (e.g., nonsustained 
ventricular tachycardia).

Genotype‑Specific Outcomes in DCM: Lamin 
A/C, Desmoplakin, and RBM20

The importance of expanding the current profiling of DCM 
genotype–phenotype relationships lies in the potential to ena-
ble risk prediction and disease-modifying strategies. While 
some DCM patients experience cardiac recovery with appro-
priate guideline directed medical therapy and advanced inter-
ventions, patients often present late in the disease course with 
high rates of morbidity and mortality, arrhythmic complica-
tions, and sudden cardiac death (SCD), and genetic diagnosis 
may be an important arbiter of these outcomes [24]. Addi-
tionally, understanding of genotype–phenotype relationships 
can guide the care of genotype-positive, phenotype-negative 
patients identified on cascade testing or in the general popu-
lation [25, 26]. In recent years, more studies have embarked 
on the quest to confirm the genotype–phenotype relationship 
of various DCM presentations. Below, we outline growing 
evidence for the value of genetic diagnosis in risk predic-
tion, as well as a complicated interface between genotype and 
environmental factors affecting prognosis [27].

Lamin A/C (LMNA) DCM: a Rapidly Progressive Cause 
of Arrhythmogenic DCM and Conduction System 
Disease

Lamin A/C (LMNA) variants are associated with both Hitchinson- 
Gilford progeria (accelerated aging) and DCM and account for  
approximately 5% of DCM cases [28]. LMNA is located on 
chromosome 1 and regulates mechanosensing, DNA replication, 
and transportation of genetic material from the nucleus to cellular 
cytoplasm for further processing and expression [29]. In mouse 
models, Lamin A/C-deficient mice developed rapidly progressive 
dilated cardiomyopathy characterized by LV dilation and systolic 
contractile dysfunction [30]. Both missense and nonmissense 
variants in LMNA have been associated with severe, progressive 
DCM [31, 32]. Initial reports described LMNA cardiomyopathy 
to be associated with LV dilation and less commonly by left 
ventricular noncompaction [28]. Recently, the first large, 
longitudinal cohort of LMNA DCM patients was published. This 
revealed an impressive prevalence of conduction system disease, 
atrial and ventricular arrhythmias, and rapid progression toward 
end-stage HF and advanced therapies [32].

In combination with prior descriptive reports and animal 
data, these observations led to the first ever guideline-based 
recommendation for genotype-specific ventricular arrhythmia 
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risk stratification in patients with DCM: For DCM patients 
with pathogenic LMNA variants, risk stratification is now 
much more precise than the prior stratification based on 
LV ejection fraction alone; implantation of an implantable 
cardiac defibrillator (ICD) is recommended for those with 
any two of four risk factors specific to LMNA cardiomyopa-
thy: male sex, truncating variant, nonsustained ventricular 
tachycardia by ambulatory monitoring, or LV ejection frac-
tion ≤ 45%(class Iia) [33]. Additionally, early detection of 
LMNA variants with DCM may guide prognostic evaluation 
for early advanced heart failure therapies including mechani-
cal circulatory support and transplantation [34].

Desmoplakin (DSP) Cardiomyopathy: Inflammatory 
and Surprisingly Specific to the Left Ventricle

Desmoplakin (DSP) plays a critical role in myocardial con-
traction, linking cardiac desmosomes to intermediate fila-
ments and strengthening the cytoskeleton, driving the nec-
essary force for myocardial contraction. In the early 2000s, 
DSP was the second gene discovered to cause ACM with 
autosomal recessive inheritance, initially thought to pre-
dominantly affect the right ventricle. A rapidly progressive 
form of DCM, characterized by heart failure and SCD in 
adolescence, was identified in Carvajal syndrome associated 
with homozygous and compound heterozygous mutations 
in DSP, suggesting a correlation between disease sever-
ity and loss of function of both DSP alleles [35]. In 2008, 
increased recognition of LV involvement with marked fibro-
sis resulted in expanded diagnostic considerations for ACM 
in the absence of typical RV involvement [36]. Truncating 
DSP variants have the most evidence of pathogenicity and 
currently account for ~ 15% of inherited ACM cases [15, 
37, 38•].

Recent studies have continued to expand our understand-
ing of DSPtv cardiomyopathy such that we now understand 
it to be a LV-dominant ACM more so than a cause of ARVC 
[38•]. Additional description of its underlying pathophysi-
ology involves cyclical episodes of inflammation similar to 
myocarditis resulting in cardiomyocyte damage and fibro-
fatty replacement with a clinically significant proportion of 
patients in a multicenter cohort presenting with myocarditis-
like symptoms and elevated troponins [38•]. This is cor-
roborated by FDG-PET studies that reveal an association 
between left myocardial ventricular myocardial injury and 
myocardial inflammation, suggesting a potential immuno-
genic component of immune activation in response to des-
mosomal disruption. These episodes drive disease progres-
sion even in the absence of LV dysfunction. Further studies 
are needed to confirm whether variant type (truncating vs. 
missense) or location can predict disease severity.

RBM20: a Particularly Penetrant 
and Arrhythmogenic Cardiomyopathy

RNA-binding motif protein 20 (RBM20) is a post-transcriptional 
splice-regulator of transcripts critical to myocardial and calcium 
homeostasis, with missense variants associated with 3–6% of 
genetic DCM cases [39]. Alternative splicing results in signifi-
cant heterogeneity in protein expression, structure, regulation, 
and function of a number of genes implicated in LV function 
and arrhythmia including TTN, LDB3, CAMK2D, and RYR2 
[40, 41].

RBM20 was first associated with inherited DCM in 2009 
and 2010 in several kindred studies showing autosomal 
dominant inheritance [42, 43]. A recent report including an 
international cohort of RBM20 patients showed that RBM20 
cardiomyopathy is a highly arrhythmogenic and penetrant 
form of DCM, with prevalence of sustained ventricular 
arrhythmias and atrial fibrillation similar to LMNA car-
diomyopathy and significant increased compared to TTNtv 
DCM [44]. Growing clinical and pre-clinical evidence cor-
roborates these findings, with some suggestion that missense 
variants in RBM20 act to sequester the protein in stress and 
processing bodies [39, 45–47]. Clinically, a genetic diag-
nosis of RBM20 cardiomyopathy therefore portends a rela-
tively high risk of sudden cardiac arrest even with normal 
or mildly reduced LV ejection fraction. Future longitudinal 
studies will be required to understand RBM20-DCM-specific 
risk stratification for life-threatening arrhythmias.

Titin Truncating Variants (TTNtv): Exemplar 
of Genotype Interactions with Genetic 
Background and the Environment

The Titin protein is an integral part of the cardiomyocyte 
sarcomere, binding the thin and thick filaments of striated 
muscle, and modulating myocardial contraction and stiff-
ness. Most pathogenic variants in TTN are thought to be 
truncating variants (TTNtvs) with data indicating the benign 
nature of missense variants [48]. In general, TTNtvs located 
in exons within the A-band experience high inclusion prob-
ability (high percent spliced in, PSI) and are more likely to 
be disease causing [49, 50]. TTNtvs found in the I-band gen-
erally have low PSI, are prevalent in healthy individuals, and 
therefore are thought much less likely to be pathogenic [49].

TTNtvs are estimated to account for 15–25% of inherited 
DCM cases with physiologic effects thought related to faulty 
cardiomyocyte- and tissue-level mechanotransduction [13, 
51]. Compared to DCM patients without other genetic diag-
noses, those with TTNtv variants have worse LV dysfunc-
tion and LV dilation [52]. However, among genetic causes of 
DCM, TTNtv patients are thought to have somewhat milder 
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disease [53]. While TTNtv was one of the first and broad-
reaching genes connected to DCM and many other cardiomy-
opathies, there continues to be growth in our understanding 
of the pathogenicity of the numerous variants. The historical 
focus on culprit loss of function mutations is now expanded 
to include rare splice-altering TTN variants that were pre-
viously categorized as unknown significance [54]. Recent 
population data also reveals that TTNtvs are associated with 
DCM previously attributed to toxins alone (e.g., alcohol and 
chemotherapy), indicating that these variants may compound 
the effects of environmental exposure on DCM phenotypes, 
and vice versa. The effect of TTNtvs on LV morphology in an 
unselected population is also affected by genetic background. 
Polygenic risk for change in LV morphology modulates these 
effects as imaged by cardiac magnetic resonance [55, 56].

Toxin‑Mediated TTNtv DCM

A number of toxins are known to have direct deleterious effects 
on the myocardium, but the heterogeneity of dose–response 
relationships in DCM has raised the possibility of genetic sus-
ceptibility. Only in the past 5 years has data corroborated this 
suspicion, specifically with respect to TTNtvs. For example, in 
alcohol-related DCM, one large cohort study evaluated nine 
DCM genes and found an almost 10% incidence of TTNtv 
among alcohol-related CM patients compared to unaffected 
subjects [57]. Additionally, among DCM patients with TTNtv, 
moderate alcohol intake predicts worse biventricular function 
and negative remodeling [57].

A similarly heterogeneous clinical presentation pattern 
is seen among chemotherapy-associated CM (excluding 
immune-checkpoint inhibitors). Genetic data in this popula-
tion is limited; however, one moderate-sized study identified 
7.5% (n = 16/213) TTNtv prevalence among women with 
hematologic, breast, and other solid-tumor cancers and con-
firmed chemotherapy-associated cardiomyopathy, compared 
to healthy volunteers (0.7%, n = 3/445) [58]. These patients 
were also found to have more heart failure hospitalizations and 
incidence of atrial fibrillation but no significant correlation 
with disease severity or recovery. Further evaluation is needed 
in a larger and more diverse patient population to improve 
our understanding of the relationship and risk implications 
for patients with TTNtvs. Beyond counseling to avoid cardio-
toxic substance use (e.g., excessive alcohol, amphetamines), 
for example, data-driven chemotherapy selection or cardiac 
monitoring may be enabled by a genome-first approach.

TTNtvs in Peripartum Cardiomyopathy

Peripartum cardiomyopathy (PPCM) is a rare yet highly mor-
bid disease with significant contribution to a persistently ele-
vated maternal mortality rate in the USA particularly among 
Black women [59, 60]. It is phenotypically similar to DCM 

and has reported significant familial clustering raising con-
cern for a genetic contributions, which were confirmed in 
a large population in 2016 [61]. Recently, a large effort to 
sequence women with PPCM led to recapitulation of these 
findings: Not only did ~ 10% of these women have TTNtvs, 
but also overrepresentation of pathogenic variants in FLNC, 
DSP, and BAG3 was also identified [62]. These data suggest 
that a significant portion of PPCM may be heritable in the 
form of DCM elsewhere in the family, and therefore, that 
approaches to genetic testing in PPCM should mirror those 
for DCM. Further, future development of gene-specific thera-
pies for DCM may also be applicable to PPCM.

Future Directions to Realize the Potential 
of Clinical Genetic Testing for DCM

With increasing access to next-generation sequencing and rap-
idly growing population-based biobanks, our ability to iden-
tify the genes that cause and modify DCM phenotypes has 
been greatly accelerated. However, genetic diagnosis is still 
hindered by a lack of robust precision genotype–phenotype 
data at the level of variants. This is largely driven by incom-
plete knowledge of variants of uncertain significance (VUS) 
even within known DCM genes. Additionally, identification of 
VUS that disrupt splicing is imperfect, resulting in hampered 
discovery of pathogenic variants [63]. Concerted efforts to pro-
spectively classify these variants with respect to their patho-
genicity are ongoing. As our ability to sequence and examine 
large datasets expands, advances in transcriptomic and prot-
eomic technologies may offer a route to better understand the 
molecular endophenotypes resulting from pathogenic variants 
in DCM genes as well.

More precise genotype–phenotype profiling will also guide 
clinical applications ranging from arrhythmia monitoring to 
early initiation of goal-directed medical therapy and expe-
dited evaluation for advanced heart failure interventions. Early 
studies of polygenic risk scores using cardiac-MRI-derived 
markers have yielded promising results in correlating with 
incident DCM while uncovering that the penetrance of high-
impact rare variants may be influenced by carriers’ polygenic 
backgrounds [55]. These, in combination with clear evidence 
of genetic susceptibility to environmental exposures, have 
highlighted the need for further studies to evaluate the inter-
play between common variants, rare variants, and environ-
mental factors in developing DCM. These approaches have 
the potential to bridge the diagnostic and therapeutic gaps for 
populations currently unresponsive to the standard of care for 
DCM. Ultimately, a combination of scaled and low through-
put approaches will be necessary to achieve the mission of 
precision therapy for DCM. Recent progress is heartening, 
and the enthusiasm of the cardiovascular genetics community 
for collaboration will be critical to our progress in this vein.
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