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Abstract

Variants in ELAC2, a gene encoding the mitochondrial RNase Z enzyme essential for mito-
chondrial tRNA processing, have been associated with severe pediatric-onset mitochondrial
dysfunction, primarily presenting with developmental delay, hypertrophic cardiomyopathy
(HCM), and lactic-acidosis. We hereby report the case of a 25-year-old young woman pre-
senting with dilated cardiomyopathy (DCM) and peripheral sensorimotor polyneuropathy,
harboring a homozygous variant in ELAC2. The same variant has been reported only once
so far in a case of severe infantile-onset form of HCM and mitochondrial respiratory chain
dysfunction, with in vitro data showing a moderate reduction in the RNase Z activity and
supporting the current classification as C4 according to the American College of Medical
Genetics (ACMG) criteria (PS3, PM2, PM3, PP4). Our extensive clinical, imaging, histo-
logical, and genetic investigations support a causal link between the identified variant
and the patient’s phenotype, despite the fact that the latter might be considered atypical
according to the current state of knowledge. A detailed review of the existing literature on
ELAC2-related disease is also provided, highlighting the molecular mechanisms underlying
tRNA maturation, mitochondrial dysfunction, and the variable phenotypic expression. Our
case further expands the clinical spectrum of ELAC2-related cardiomyopathies to include a
relatively late onset in young adulthood and underscores the importance of comprehensive
genetic testing in unexplained cardiomyopathies with multisystem involvement.

Keywords: ELAC2 gene variants; mitochondria; cardiomyopathy; hypertrophic cardiomy-
opathy; dilated cardiomyopathy

1. Introduction
Mitochondrial dysfunction represents a key mechanism underlying several forms of

inherited cardiomyopathies. Among the implicated genes, ELAC2 (elaC ribonuclease Z
2) encodes a long-form RNase Z enzyme involved in mitochondrial and nuclear tRNA 3′

end maturation, crucial for proper mitochondrial oxidative phosphorylation (OXPHOS)
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function. Variants in ELAC2 have been associated with pediatric-onset cardiomyopathy
(mostly hypertrophic cardiomyopathy, HCM, rarely dilated cardiomyopathy, DCM), neuro-
muscular disorders, and metabolic abnormalities. Organs with high-energy requirements,
such as the brain, heart, and skeletal muscle, rely heavily on mitochondrial function and
are generally more severely affected. Here, we describe a case of isolated young adult-onset
DCM with associated peripheral neuropathy in a patient carrying a homozygous ELAC2
variant and review the current literature on ELAC2-variant-related pathophysiology.

2. Clinical Case
A 25-year-old woman presented to our hospital complaining of dyspnea on minimal

exertion and orthopnea that had developed over the past two weeks. Her past medical
history was characterized by vasovagal syncopal episodes in childhood, with regular
physical and psychomotor development. Her first-degree family history was negative for
cardiovascular and renal disorders. The patient was not taking any chronic medications.
Due to clinical suspicion of community-acquired pneumonia, antibiotic treatment had been
started at home.

Two days later, the patient was admitted to the emergency department with an
initial presentation of acute pulmonary distress without hypotension (blood pressure
130/80 mmHg). The electrocardiogram (ECG) showed sinus tachycardia at 120 bpm
with short PR interval (110 ms), fragmented QRS with a right bundle branch block
and a posterior left fascicular block (duration 120 ms), and diphasic negative/positive
T waves in precordial leads (Figure 1a). Laboratory tests revealed markedly elevated
NT-proBNP levels (14,753 pg/mL, reference range < 450 pg/mL), elevated high-sensitivity
troponin I levels (192 ng/L, reference range: 0–16 ng/L), reduced glomerular filtration rate
(44 mL/min/1.73 m2), and arterial lactate < 2 mmol/L.

Cardiac ultrasound showed a dilated left ventricle (end-diastolic volume index [EDVi]
100 mL/m2) with normal wall thickness (interventricular septum 9 mm, posterior wall
8 mm), a reduced left ventricular (LV) ejection fraction (LVEF 30%) due to global hypokine-
sia, severe mitral regurgitation, severe diastolic dysfunction (restrictive diastolic pattern), a
non-dilated mildly hypertrophic (8 mm at the free wall) right ventricle (RV) with normal
contractile function, moderate pulmonary hypertension (estimated systolic pulmonary
arterial pressure, sPAP, 55 mmHg) and a mild circumferential pericardial effusion. The
patient was admitted to our Cardiology Intensive Care Unit, where unloading therapy was
initiated with intravenous diuretics and sodium nitroprusside, and non-invasive ventilation
was started, leading to progressive improvement in both clinical and laboratory parameters.

A cardiac MRI performed two days after hospital admission confirmed significant
dilation of the LV, measuring 154 mL/m2 (normal values: 62–98 mL/m2), with normal wall
thickness and a severely impaired biventricular systolic function (LVEF 19%, RVEF 39%)
due to diffuse hypokinesis. The tissue analysis highlighted diffuse mid-wall late gadolinium
enhancement (LGE) with a ring-like pattern. The native T1 value in the LV myocardium
was elevated (1186 ms, normal values: 950–1050 ms), as well as the extracellular volume
(ECV 45%, normal values: 20–30%) (Figure 1b). The T2-weighted analysis showed mild
hyperintensity with slightly increased values in the LV myocardium, measuring 60 ms
(normal values: < 55 ms). Additionally, computed tomography (CT) coronary angiography
excluded the presence of epicardial coronary disease. A panel of myocarditis-related
virological and autoimmune tests turned out negative.

After achieving clinical stability, a right heart catheterization was performed dur-
ing sodium nitroprusside continuous infusion at 1 µg/kg/min (systolic blood pressure
120/85 mmHg). The exam revealed a right atrial pressure of 2 mmHg, elevated pulmonary
artery pressure of 35/23 mmHg (mean 28 mmHg), mildly elevated pulmonary capillary
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wedge pressure of 16 mmHg, reduced cardiac index of 2.17 L/min/m2, and a mild increase
in pulmonary vascular resistance to 2.6 Woods Units. Notably, while NT-proBNP levels
progressively normalized during hospitalization, high-sensitivity troponin I levels persisted
above normal limits, with a peak of 350 ng/L on the fifth day after admission, and a value
of 109 ng/L at discharge. Creatinine levels also remained elevated despite decongestion
(1.39 at admission, 1.86 mg/dL at discharge).

Figure 1. (a) ECG showing fragmented QRS with a right bundle branch block, a posterior left
fascicular block, and diphasic negative/positive T waves in precordial leads. (b) Diffuse mid-
wall LGE on cardiac MRI (red arrow). (c) Electron microscopy demonstrated increased glycogen
granules (red arrows) mainly in subsarcolemmal regions (original magnification 4000×) and (d) rare
mitochondria with concentric cristae (original magnification 8000×–red arrows). (e,f) A progressive
reduction in the hyper-uptake of the tracer (blue arrows) in the left ventricular walls on FDG-PET has
been observed following the initiation of corticosteroid therapy.
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Given the clinical presentation, an endomyocardial biopsy was also performed, reveal-
ing minimal edema and mild cellular polymorphism with slight cytoplasmic vacuolization
and myofibrillar lysis. Trivial subendocardial and interstitial myocardial fibrosis were also
noted. Very rare lymphocytes were observed (<7/mm2), and virological results on the
biopsy were negative. Overall, Dallas criteria for myocarditis were not met. To further
study the ultrastructural morphology of cardiomyocytes, electron microscopy analysis
was performed, revealing degenerative aspects with marked mitochondrial hyperplasia
and minimal atypia (presence of megamitochondria and concentric cristae), associated
with subsarcolemmal glycogen accumulation (Figure 1c,d). Given the renal impairment
not associated with a low-output hemodynamic state or venous congestion, and the his-
tological finding of glycogen accumulation in the endomyocardial biopsy, the panel of
tests was expanded to rule out the possible presence of metabolic and storage diseases:
the measurement of alpha-glucosidase activity (Glycogen Storage Disease Type II/Pompe
Disease) on leukocytes from peripheral blood and urinary oxalate (hyperoxaluria) were
found to be within normal ranges. The cause of renal failure was attributed to the presence
of multiple cysts affecting the renal parenchyma bilaterally. The patient was discharged on
treatment with Sacubitril/Valsartan, Dapagliflozin, Carvedilol, and Spironolactone at the
maximum tolerated doses.

2.1. Genetic Analysis

Genetic studies were initially based on the Illumina True Sight One panel (Illumina,
San Diego, CA, USA), with analysis restricted to a panel of genes involved in hypertrophic,
dilated, and arrhythmogenic cardiomyopathy; hyperoxaluria; polycystic kidney disease;
nephrolithiasis; cystic kidney disease; glycogen storage disorders; and mitochondrial disor-
ders (complete list of genes reported in the Supplementary Materials S1; for mitochondrial
disorders only COX15, SCO2, SDHA, and SLC25A4 were included as part of the com-
mercially available panel). This first round of genetic testing identified a heterozygous
likely pathogenic variant (C4) in the NEK8 gene, a gene known for being associated with
nephronophthisis, but with a recessive pattern of inheritance. Genetic testing was therefore
expanded to include array comparative genomic hybridization (CGH) and clinical exome.
By doing so, a homozygous missense single-nucleotide variant in exon 13 (c.1163A > G;
p.Gln388Arg) of ELAC2 was identified. This variant has an extremely low frequency in
gnomAD v4.1.0 population databases that is compatible with the Pathogenic Moderate
PM2 criteria of ACMG. The variant has been reported once in ClinVar in a case of severe
infantile-onset form of HCM and mitochondrial respiratory chain dysfunction, with in vitro
data supporting pathogenicity (moderate reduction in the RNase Z activity) [1], adding
a Pathogenic Strong PS3 criterion. The combination of PS3 and PM2 criteria led to the
classification of the variant as likely pathogenic (C4). A further analysis of family history
revealed that the patient’s parents, originating from a small village in Sicily, were fourth
cousins, explaining the inheritance of the rare variant in homozygosity (PM3); in addition,
a maternal aunt had married a second cousin, and two of her children had died in the first
year of age. Both the mother and father, in their fifties and with normal ECG and cardiac
ultrasound results, underwent Sanger sequencing for genetic testing, which confirmed that
they each carry the same ELAC2 variant in a heterozygous state. The two older brothers,
apparently healthy, have chosen to postpone genetic analysis so far. The family pedigree is
reported as Supplementary Materials S2.

2.2. Follow-Up

Taking into account the rare ELAC2 variant identified in the genetic test and its
previous association with peripheral sensorimotor disorders, an electromyography was
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performed, revealing a pattern consistent with a predominantly sensory axonal polyneu-
ropathy, with no myopathic features.

After 3 months of optimal medical therapy, LVEF at cardiac ultrasound as well as tissue
characterization on MRI remained unchanged, with persistent diffuse intramyocardial LGE
and edema. High-sensitivity troponin I levels, albeit lower compared to the acute phase,
were still elevated (95 ng/L at 2 months, 37 ng/L at 3 months), suggesting continuous
heart damage. To assess a potential underlying inflammatory component contributing to
the cardiomyopathy (a condition more commonly described during the ‘hot phases’ of
arrhythmogenic cardiomyopathies) [2,3], a cardiac 18F-fludeoxyglucose positron emission
tomography (FDG-PET) was performed, revealing a widespread hyper-uptake of the tracer
in the left ventricular walls, consistent with the diffuse tissue abnormalities observed on
cardiac MRI (Figure 1e). In light of these findings, a maintenance therapy with prednisone
was initiated, and after three months, a follow-up FDG-PET was performed, demonstrating
a significant reduction in myocardial tracer uptake (Figure 1f).

The persistent LV dysfunction led to the implantation of a transvenous single-lead
implantable defibrillator (ICD) as primary prevention; during the subsequent follow-
up, episodes of asymptomatic nonsustained monomorphic ventricular tachycardia were
recorded, without device interventions.

Cardiopulmonary exercise testing at 6 months revealed a significantly reduced peak
oxygen consumption of 15 mL/kg/min, representing only 42% of the predicted value. This,
combined with the persistently reduced LVEF and the advanced NYHA functional class
(III), led to the decision to place the patient on the active heart transplant waiting list.

At the 15-month follow-up, the patient remained stable, NYHA Class III, with an LVEF
of 27% and had not experienced any hospitalizations for heart failure.

3. Discussion
3.1. Primary Mitochondrial Disorders and Mt-tRNA Maturation

Primary mitochondrial disorders (PMDs) are a collection of rare genetic conditions
that result in compromised energy production. This impairment is typically caused by
pathogenic variants in nuclear or mitochondrial genes that play crucial roles in oxidative
phosphorylation. Indeed, the mitochondrion is the essential powerhouse for cellular
growth and function. This is guaranteed by the production of ATP through oxidative
phosphorylation by respiratory chain complexes (OXPHOS) that are localized in this
cellular organelle. The OXPHOS system is composed of five enzymatic complexes (I-
II-III-IV and V, also called ATP synthase), whose subunits are encoded by both nuclear
and mitochondrial genes [4]. The mitochondrial genome consists of a circular double-
stranded structure that, unlike nuclear DNA, is transcribed by RNA polymerase III as a
single polycistronic transcript. This transcript contains 13 messenger RNAs (mt-mRNAs),
2 ribosomal RNAs (mt-rRNAs), and 22 transfer RNAs (mt-tRNAs) [5]. From the 13 mt-
mRNAs, an equivalent number of peptides will be translated, which will become part of
the OXPHOS system [6].

The tertiary structure of tRNA is formed by two fundamental parts that are opposite
to each other: the acceptor arm, which is the site where the amino acid binds, and the
anticodon loop, which contains the triplet of nucleotides responsible for recognizing the
corresponding triplet in the mRNA sequence [7]. The acceptor arm contains the 5′ and
3′ extremities; in the immature precursor of mt-tRNA, these regions contain an excessive
number of nucleotides that must be removed to allow the correct function of tRNA [8].
The processing of immature mt-tRNA starts with the 5′ cleavage, which is carried out
by an endoribonuclease (RNase P). This protein complex is composed of a methyltrans-
ferase (MRPP1-TRMT10C), a dehydrogenase (MRPP2-SDR5C1), and the endoribonuclease
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subunit (MRPP3-PRORP) [9]. The 3′ end processing is catalyzed by an RNase Z enzyme,
belonging to the β-lactamase family of metal-dependent (Zn2+ ions) endonucleases. In
bacteria, RNase Z is present only in the short form (RNase Zs). However, in many eukary-
otes, alongside the short form, a long form is also present (RNase ZL), resulting from gene
duplication and containing two β-lactamase domains [10].

In humans, the short-form homolog is named ELAC1 and localizes in the cytosol
and the nucleus. Conversely, the long-form is named ELAC2, and thanks to the presence
of two alternative start codons, alternative translation initiation produces both a nuclear
and a mitochondrially targeted form [11]. ELAC2 knockout disrupts 3′ end processing of
both nuclear-encoded (nu-tRNAs) and mitochondrial-encoded tRNA precursors. For nu-
tRNAs and canonical mt-tRNAs bearing a conserved elbow, ELAC2 alone recognizes and
cleaves the 3′ trailers via direct ELAC2–RNA interaction. However, most human mt-tRNAs
have structurally degenerate elbow regions, and efficient processing of these noncanonical
substrates requires the TRMT10C–SDR5C1 subcomplex. In vitro reconstitution shows
that TRMT10C–SDR5C1 stabilizes the tertiary fold of degenerate mt-tRNAs and mediates
protein–protein contacts with ELAC2, forming a multisubunit mitochondrial RNase Z
complex essential for proper mt-tRNA 3′ maturation [12].

From a clinical standpoint, cardiovascular involvement (CVI) has been identified in
several patients with PMD. However, the age-related prevalence, clinical presentation,
and prognostic significance remain inadequately understood. In particular, determining
whether the outcomes of CVI are consistent across the various forms of PMD is challenging
due to the infrequency and diversity of these subsets. In 2020 [13], Brambilla et al. reported
a CVI in 36% of 86 children diagnosed with PMD, frequently appearing at a very young age
(mean age of onset 6 years), including the pre- and neonatal phase in 16%, often representing
the first sign of PMD. Hypertrophic, non-compaction, and dilated cardiomyopathies were
the prevalent disorders, although pulmonary arterial hypertension was also found. CVI
was linked to a poor prognosis. The ultimate outcome of PMD-related CVI was affected by
the specific underlying etiology, indicating the necessity for personalized management of
heart failure and strategies to prevent sudden death. Notably, the diagnosis was confirmed
by molecular analysis in only 66% of the patients, with MELAS syndrome due to MTTL1
A3243G variant being the most frequent finding (9%), followed by TMEM70 (6%) and
NARP and Barth syndrome (5% each). Only one patient was harboring an ELAC2 variant
(details of the variant were not provided in the paper), underlying once more how rare
these variants are.

3.2. The Role of ELAC2

ELAC2 consists of two β-lactamase domains: the N-terminal domain (NTD, Met1–
Arg428) and the C-terminal domain (CTD, Pro481–Gln826) (Figure 2) [14]. ELAC2 is also
involved in processing nuclear tRNAs and miRNAs, with mouse models indicating its
role in prostate cancer when combined with additional risk factors [15,16] and through
the interaction with the stress pathway mediated by NIK/nuclear factor kB (NF-kB) [17].
Moreover, in ELAC2 knockout models targeting megakaryocytes, the absence of this protein
led to thrombocytopenia and bleeding disorders [18,19]. The clinical variant p.Gln388Arg
is located in the NTD, which has no catalytic residues but retains a flexible arm crucial for
pre-tRNA binding [20]. This function occurs in the nucleus without additional cofactors,
while mitochondrial processing requires a complex with TRMT10C and SDR5C1 [12].
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Figure 2. (a) Schematic overview of mitochondrial tRNA maturation, from transcription to 5′ end
cleavage by RNase P and subsequent 3′ end cleavage by ELAC2 (RNase ZL). (b) Gene structure
of ELAC2 and patient’s variant localization. (c) The functional deficiency of ELAC2 leads to the
accumulation of immature tRNAs lacking 3′ end cleavage. This results in oxidative chain dysfunction,
accompanied by increased production of ROS and activation of physiological stress pathways, such as
the unfolded protein response. These alterations promote enhanced extracellular matrix production,
leading to myocardial fibrosis. CTD = C-terminal domain; mt-DNA = mitochondrial-DNA; mt-tRNA
= mitochondrial-transfer RNA; NTD = N-terminal domain; OXPHOS = oxidative phosphorylation by
respiratory chain complexes; ROS = Reactive Oxygen Species.

In 2011, Brzezniak et al. demonstrated that silencing ELAC2 in HeLa cells led to
an accumulation of molecules containing unprocessed 3′ mt-tRNA while not affecting
mature mt-tRNA levels, suggesting ELAC2′s crucial role in processing mt-tRNA [10]. They
revealed that the maturation process of mt-tRNA is likely sequential, as silencing MRPP1, a
subunit of the RNase P complex, disrupts both 5′ and 3′ mt-tRNA processing. This finding
aligns with earlier research in yeast, indicating that RNase Z (to which ELAC2 belongs) has
low affinity for mt-tRNA with extended 5′ ends [21].

Five years later, a murine model of heart- and skeletal muscle-specific ELAC2 knockout
revealed a dramatic loss of mature mitochondrial mRNA, rRNA, and tRNA, impacting
overall transcription and resulting in significant functional impairment of OXPHOS. This
loss drastically reduced oxygen consumption by the respiratory chain complexes [15].
Interestingly, patients with a homozygous pathogenic variant of ELAC2 showed OXPHOS
dysfunction in their fibroblasts without a corresponding significant reduction in mature
mt-mRNA, suggesting a blockade in protein production specifically at the translation
phase [22]. ELAC2′s localization to both the nucleus and mitochondria, attributable to its
N-terminal sequence, underscores its involvement in processing not only tRNAs but also
other non-coding RNAs, including microRNAs (miRNAs) [14].

Further insights into ELAC2′s pathogenic mechanisms arise from studies in Drosophila
melanogaster, which lacks ELAC2 but possesses a homologous protein, RNaseZ [23].
Variants of these proteins analogous to those found in humans with HCM led to an increase
in heart wall thickness and end-diastolic area of the heart lumen and a reduction in
fractional shortening, attributed to enhanced ploidy and increased cardiomyocyte size
alongside a notable rise in extracellular matrix quantities. These findings suggest that
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hypertrophic and dilated cardiomyopathy may represent different phases of the same
disease [24]. Additionally, altered RNaseZ function correlated with decreased abundance
of mt-mRNAs encoding respiratory chain protein subunits, leading to reduced OXPHOS
activation and increased ROS [25], which can cause cellular and DNA damage [26].

The protective mitochondria response to membrane damage involves the Unfolded
Protein Response (UPR), crucial for maintaining mitochondrial function [27]. Silencing
the ELAC2 ortholog in Caenorhabditis elegans resulted in impaired UPR activation and
subsequent cellular damage [28]. Evaluating the pathogenicity of variants identified in
human subjects with various methods (Table 1) has demonstrated that patient-derived
fibroblasts accumulate unprocessed mt-tRNA and mt-mRNA, leading to reduced OXPHOS
proteins [22]. Lentiviral expression of the wild-type gene in these fibroblasts restored
normal levels of mature mt-RNAs. In the largest case series on ELAC2 in the literature,
Saoura et al. [1] provided strong evidence of the pathogenicity of multiple missense variants,
including p.Gln388Arg, by analyzing RNase activity and finding significant reductions in
enzyme function compared to the wild-type protein. Approximately half of the variants
exhibited mild residual enzymatic activity, ranging from 20% to 80%, compared to the
wild type (WT). Notably, four variants showed significantly lower activity, with Pro493Leu
and Tyr729Cys exhibiting only 1% of the WT activity. In contrast, the variant found in our
patient, p.Gln388Arg, demonstrated a residual activity of 38%.

3.3. ELAC2 Variants, Genotype–Phenotype Correlation, Cardiac Phenotype, and Disease Course

Including our patient, a total of 28 ELAC2 variants with minimum to severe cardiac
involvement have been described so far all over the world (Table 1) in 10 case reports/series,
leading to an overall number of 42 patients harboring ELAC2 variants; the single most
represented variant is Phe154Leu, described in 20/42 (48%) patients, all Arab or Saudi
Arabian. Only 10/42 were European (24%), including 6 Italian cases.

In 2013, Haack et al. identified, in a cohort of pediatric patients with muscle biopsy
evidence of dysfunction in OXPHOS chain complex activity, five individuals from three
different families carrying homozygous ELAC2 variants (three subjects: p.Phe154Leu and
p.Leu423Phe) or double heterozygous variants (two subjects: p.Arg211*; Thr420Ile). All
these patients presented with a severe form of hypertrophic cardiomyopathy (HCM), with
onset in the first months of life (documented in all individuals before the age of six months)
and, in three of them, early death. One of these patients showed rapid progression to a
form of DCM at the age of four years. All patients exhibited intrauterine growth retardation
or psychomotor retardation in the first months of life, and three of them presented with
lactic acidosis [22].

The previously mentioned ELAC2 variant (p.Phe154Leu), reported in an Arab family,
was found in homozygosity in a cohort of 16 patients from 15 different Saudi families with
infantile-onset cardiomyopathy. All patients died before the age of 14 months and exhibited
a phenotype of HCM, except for three cases, which presented with a DCM phenotype.
Another notable manifestation was pericardial effusion, observed in seven patients [29].

In 2018, Soura et al. [1] investigated 12 infants from 12 different families, presenting
with early-onset cardiomyopathy, with HCM being present in 10 subjects and DCM in 2.
All subjects, except for one, also presented with lactic acidosis, raising suspicion of mito-
chondrial involvement. Isolated complex I deficiency was present in fibroblasts of seven
subjects. Using whole-exome sequencing (WES) or panel-based next-generation sequenc-
ing, different ELAC2 variants were identified, predicted to be detrimental using PolyPhen-2,
including three patients harboring the previously described homozygous p.Phe154Leu
variant [22]. Ten novel missense variants were identified, including two frameshift variants
and four splice site variants (one at the same splicing site as the variant described in subjects
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of Pakistani origin described by Akawi et al.) [1,30]. Ten out of thirteen patients died before
the end of the study, with a median age at death of 5 months, illustrating the high mortality
rate. Some patients exhibited significant neurological symptoms with minimal cardiac
involvement, as shown in the Pakistani family with the splicing variant c.1423 + 2T > A
affecting protein expression, leading to severe developmental delays and only borderline
cardiac hypertrophy [30]. A similar cardiac phenotype was observed in a case of compound
heterozygosity, with a predominant neurological phenotype (p.Gly132Arg and p.Ser347Phe;
variant causing accumulation of unprocessed mitochondrial transcripts in the patient’s
fibroblasts) [31].

A subsequent case series published in 2023 described five children from three unrelated
families carrying a total of four previously unreported biallelic missense variants (three
homozygous and two compound heterozygous). In three patients, a significant decrease in
ELAC2 abundance was also demonstrated in fibroblast cell lines. Regarding the phenotypes,
the common feature among all patients was neurological involvement (cerebellar ataxia,
epilepsy, sensorimotor neuropathy, etc.), while the cardiac manifestations were more
variable: one patient showed no evidence of altered cardiac structure, two patients had
only mild left ventricular hypertrophy, and one patient developed a severe form of DCM
(likely a rapid evolution from HCM with still increased wall thickness), leading to death
due to cardiogenic shock at the age of one [32]. In three of the four patients with CVI, mean
age at discovery was reported, and it ranged between 4 and 8 months. In the last one, a
mild cardiomyopathy (not better characterized) was discovered by the age of 13.

Concerning the specific cardiac phenotype, most patients presented HCM at discovery,
a minority DCM mostly attributed to HCM evolution. This might also be the case with our
patient, as suggested by both ECG voltages and a non-dilated RV with normal contractile
function and mild hypertrophy. Notably, young age at diagnosis, male gender, family
history of HCM, and greater wall thickness have been reported as incremental risk factors
for dilated-hypokinetic evolution of HCM, which carries an ominous prognosis [33].

Recent data from patients with HCM in the international, multicenter SHaRe (Sarcom-
eric Human Cardiomyopathy Registry - Boston Advanced Analytics, Boston, MA) show
that at initial SHaRe site evaluation, 56 (5.5%) patients with childhood-diagnosed HCM
had prevalent left ventricle systolic dysfunction (LVSD), and 92 (9.1%) developed incident
LVSD during a median follow-up of 5.5 years. The overall LVSD prevalence was 14.7% in
pediatric patients compared with 8.7% in adult-diagnosed HCM [34,35].

Overall, among the 42 patients described so far all over the world, the adult (>18 years)
discovery of CVI has been described only in an Assyrian 69-year-old woman harboring
p.Gly132Arg and p.Ser347Phe, and in our case. Concerning survival, the abovementioned
Assyrian lady was also the oldest reported surviving patient with ELAC2 genetic variants,
with our case being the second. The current literature does not allow for a definitive
genotype–phenotype correlation due to the limited number of patients. Pathogenic variants
in ELAC2 are spread throughout the gene, and their position or type does not correlate
strongly with clinical phenotype [32]. The p.Gln388Arg variant was noted in a patient
diagnosed with HCM at six months, presenting with lactic acidosis, psychomotor delays,
and peripheral neuropathy, yet still alive at the age of 19. The same variant showed variable
clinical expressions, with reported residual enzymatic activity at 38% compared to wild
type [1]. Also, due to the small sample size, no definitive association could be drawn
between overall residual enzymatic activity and the severity of the phenotype. Future
research utilizing polygenic risk scores may help clarify genotype–phenotype relationships
in cardiomyopathies [36].
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Table 1. Patient summary. CES = clinical exome sequencing; CVI = cardiovascular involvement; DCM = dilated cardiomyopathy; HCM = hypertrophic
cardiomyopathy; IUGR = intrauterine growth retardation; NGS = next-generation sequencing; OXPHOS = oxidative phosphorylation by respiratory chain complexes;
TES = targeted-exome sequencing; WES = whole-exome sequencing.

Study
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Divided by
Nationality

Zygosity ELAC2
Variant

Type of
Genetic
Analysis

In Vitro
Validation of the Variants

PolyPhen-2
In-Silico

Score
Allele Frequencies
(gnomAD v4.1.0)

Extra-Cardiac
Features

Cardiac
Phenotype

Age at
Discovery of

CVI
Course

Haack et al.
(2013) [22]

German
(n = 2)

Compound
heterozy-

gous

c.631C > T;
p.Arg211*/
c.1559C > T;
p.Thr520Ile

WES
OXPHOS activities and

accumulation of unprocessed
mitochondrial RNA

N/A/
1.000

0.0000074/
0.00000062

IUGR,
psychomotor
and growth
retardation,
muscular

hypotonia,
microcephaly,

dysphagia

HCM 3; 4 months
Death at 6

months;
alive at

2.10 years

Arab (n = 1) Homozygous c.460T > C;
p.Phe154Leu WES

OXPHOS activities and
accumulation of unprocessed

mitochondrial RNA
1.000 0.00000062 IUGR, muscular

hypotonia HCM 2 months Death at
11 months

Turkish
(n = 2) Homozygous c.1267C > T;

p.Leu423Phe WES
OXPHOS activities and

accumulation of unprocessed
mitochondrial RNA

1.000 0.00000123

IUGR,
psychomotor
retardation,
muscular
hypotonia

HCM; HCM and
later DCM 5 months

Alive at 13
years; death
at 4.9 years

Akawi et al.
(2016) [30]

Pakistani
(n = 5) Homozygous c.1423 + 2 T > A WES Protein expression N/A N/A

Intellectual
disability, muscle

hypotonia,
microcephaly

Mild septal
hypertrophy in 2

subjects
(known only for

2 subjects)

2.5; 4 years
(known only for

2 subjects)

Alive at
2.5–19 years

Shinwari
et al. (2017)

[29]
Arab (n = 16) Homozygous c.460T > C;

p.Phe154Leu WES No 1.000 0.00000062
IUGR,

developmental
delay, seizures

13 HCM; 3 DCM
pericardial

effusion (44%)
2–7 months

Death at
median age

4 months

Kim et al.
(2017) [7] Korean (n = 1) Heterozygous c.95C > G;

p.Pro32Arg TES No 0.158 0.00027271
Encephalopathy,
IUGR, growth

retardation

Tetralogy of
Fallot 2 days Death at

5 months

Paucar et al.
(2018) [31]

Assyrian
(n = 1)

Compound
heterozy-

gous

c.394G > A;
p.Gly132Arg/c.1040C

> T; p.Ser347Phe
WES

Accumulation of unprocessed
mitochondrial transcripts,

normal mitochondrial mRNAs,
and tRNA steady-state levels

1.000/
0.918

0.00012888/
0.00000248

Huntingtonian
disorder, hearing

loss,
acanthocytosis,

myopathy,
polyneuropathy

Mild septal
hypertrophy Not reported Alive at

69 years

Saoura et al.
(2019) [1]

German
(n = 1)

Compound
heterozy-

gous

c.202C > T;
p.Arg68Trp/c.1478C

> T; p.Pro493Leu
WES

Impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate

1.000/
1.000

0.00000062/
0.00000929

Muscle
weakness HCM Birth Death at

3 weeks

Irish
(n = 1)

Compound
heterozy-

gous

c.297-
2_297delinsTG/c.2342G

> A; p.Arg781His
NGS panel

Impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate
(p.Arg781His variant)

N/A/
1.000

N/A/
0.00089995

Developmental
delay, IUGR HCM 18 months Alive at

5 years

Caucasian
(n = 1)

Compound
heterozy-

gous

c.2186A > G;
p.Tyr729Cys/c.2342G

> A; p.Arg781His
WES

Impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate

1.000/
1.000 0.00001301

Rapidly
progressive

cardiac
phenotype

HCM 2 months Death at
12 weeks
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Table 1. Cont.

Study
Number of

Patients
Divided by
Nationality

Zygosity ELAC2
Variant

Type of
Genetic
Analysis

In Vitro
Validation of the Variants

PolyPhen-2
In-Silico

Score
Allele Frequencies
(gnomAD v4.1.0)

Extra-Cardiac
Features

Cardiac
Phenotype

Age at
Discovery of

CVI
Course

Arab
(n = 1)

[proband, 4
subjects in the

family with both
genotype and
phenotype]

Homozygous c.460T > C;
p.Phe154Leu WES

Mild impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate

1.000 0.00000062

Rapidly
progressive

cardiac
phenotype

HCM Neonatal Death at
4 months

Italian
(n = 1)

Compound
heterozy-

gous

c.798-1G > T/c.1690C
> A; p.Arg564Ser WES

Mild impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate

N/A/
0.991

N/A/
N/A

Developmental
delay DCM 4 months Death at

5 months

Italian
(n = 1)

Compound
heterozy-

gous

c.1979A > T;
p.Lys660Ile/c.2039C >

T; p.Ala680Val
WES

Impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate

(p.Lys660Ile variant)

1.000/
1.000

0.00000062/
N/A Not reported HCM 12 months

Heart trans-
plantation
at 3.8 years

Italian
(n = 1)

Compound
heterozy-

gous

c.245 + 2T >
A/c.1264C > G;

p.Leu422Val
WES

Impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate
(p.Leu422Val variant)

N/A/
1.000

0.00000682/
N/A

Rapidly
progressive

cardiac
phenotype

DCM 2 months Death at
3 months

Italian
(n = 1) Homozygous c.1163A > G;

p.Gln388Arg WES
Impairment of kinetic

parameters in vitro with
pre-mt-tRNA substrate

1.000 0.00000311

Psychomotor
retardation,
fatigability,
peripheral

neuropathy

HCM 6 months Alive at
19 years

Polish
(n = 1)

Compound
heterozy-

gous

c.457delA;
p.Ile153Tyrfs*6/c.2342G

> A; p.Arg781His
WES

Impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate
(p.Arg781His variant)

N/A/
1.000 0.00000062

Developmental
delay, hypotonia,
gastro-intestinal

dysmotility

HCM 8 months
Heart trans-
plantation

at
10 months

Arab
(n = 1) Homozygous c.460T > C;

p.Phe154Leu WES
Mild impairment of kinetic

parameters in vitro with
pre-mt-tRNA substrate

1.000 0.00000062 Mild muscular
hypotonia HCM Birth Death at

2.5 months

African-
American

(n = 1)

Compound
heterozy-

gous

c.2245C > T;
p.His749Tyr/

c. 297-2_297-1delinsT
WES

Impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate
(p.His749Tyr variant)

1.000/
N/A

0.00001363/
N/A

Global
developmental

delay, hypotonia
HCM 4 months

Heart trans-
plantation

at
10 months

Saudi-
Arabian
(n = 1)

Homozygous c.460T > C;
p.Phe154Leu WES

Mild impairment of kinetic
parameters in vitro with
pre-mt-tRNA substrate

1.000 0.00000062 Growth
retardation HCM 5 months Death at

5 months

Brambilla
et al. (2020)

[13]
Italian
(n = 1)

Not
reported Not reported Not

reported No N/A N/A Not reported HCM and later
DCM Not reported Death at

16 years

Mendes
et al. (2022)

[37]
Brazilian

(n = 1)

Compound
heterozy-

gous

c.225C > G; p.Tyr75*/
c.1924G > A;
p.Val642Met

WES No N/A/
1.000 0.00000062/0.00006939

Pseudo-
hypoaldosteronism,

hypertension,
thrombocytosis

HCM 6 months Alive at
6 years
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Table 1. Cont.

Study
Number of

Patients
Divided by
Nationality

Zygosity ELAC2
Variant

Type of
Genetic
Analysis

In Vitro
Validation of the Variants

PolyPhen-2
In-Silico

Score
Allele Frequencies
(gnomAD v4.1.0)

Extra-Cardiac
Features

Cardiac
Phenotype

Age at
Discovery of

CVI
Course

Cafournet
et al. (2023)

[32]
Pakistani

(n = 2)

Compound
heterozy-

gous

c.591G > A;
p.Trp197*/
c.1943C > T;
p.Ala648Val

TES
Sorting Intolerant From

Tolerant (SIFT) and PolyPhen-2
algorithms

N/A/
1.000 0.00000929

Growth
retardation,

muscle
hypotonia,

cerebellar ataxia,
sensorineural

deafness,
epilepsy

Mild
hypertrophy 1 month Alive at 15

and 13 years

Malian
(n = 2) Homozygous c.2249T > C;

p.Met750Thr TES
Sorting Intolerant From

Tolerant (SIFT) and PolyPhen-2
algorithms

1.000 0.00000558 IUGR, growth
retardation

HCM with
systolic

dysfunction
4 months

Death at 1
year; alive
(age not

reported)

Present case Italian
(n = 1) Homozygous c.1163A > G;

p.Gln388Arg CES No 1.000 0.00000311 Sensory axonal
polyneuropathy DCM 25 years Alive at

26 years
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3.4. The Importance of a Comprehensive Genetic Analysis

As shown in Table 1, most of the ELAC2 variants were identified using WES, while only
a minority were detected through gene panels specifically designed for cardiomyopathies.
This may also be due to the fact that one of the most commonly used gene panels did not
include the ELAC2 gene. In this context, a complex phenotype characterized by an early
onset and/or by a positive family history should always be considered for WES studies.
This represents a significant issue already raised for many other genes, including SYNE1,
which has already gained attention and is likely to become an increasingly important topic
of discussion in the coming years, as it pertains to various genes with known implications
in cardiomyopathies [38]. The presentation with atypical forms of HCM should also raise
suspicion [34].

In 2018, a cohort of 91 pediatric patients with a cardiomyopathic phenotype (50%
with DCM and 30% with HCM) was published. Approximately 40% of these individuals
presented with a genetic variant classified as ≥ C3 following WES analysis. Notably, 60%
of these variants would not have been identified using standard commercially available
NGS gene panels [39]. In the same year, another study was published involving a series
of 40 adult subjects with a diagnosis of either HCM or DCM. This study compared the
diagnostic yield of four commercially available gene panels to that of WES. The diagnostic
yield of the panels for the two phenotypes was 43% for HCM and 12% for DCM. Although
WES did not demonstrate a significantly higher diagnostic yield, it revealed that the
coverage of certain genes, such as TNNI3 and PLN, was inferior compared to the coverage
provided by standard gene panels [40].

In the coming years, it will be essential to develop guidelines providing evidence-based
recommendations on the clinical and familial criteria for determining which patients with
a negative gene panel—or even those in the initial evaluation stage—should be considered
for WES analysis.

4. Conclusions
Our extensive clinical and literature review significantly broadens the recognized

clinical spectrum of ELAC2-related mitochondrial cardiomyopathy. Enhanced awareness
and systematic investigation of ELAC2 variants are vital for precise genotype–phenotype
characterization, improved diagnostic approaches, and tailored management strategies.

An additional critical aspect emerging from our case is the importance of a detailed
family history investigation. Indeed, a comprehensive pedigree analysis is of the utmost im-
portance, especially in cases of autosomal recessive conditions, to better understand inheri-
tance mechanisms and to guide appropriate genetic counseling. Recognition of ELAC2 vari-
ants in cardiomyopathy has direct clinical implications for patient management, including
genetic counseling, early surveillance for associated neurological and metabolic disorders,
and consideration for early advanced heart failure therapies, including transplantation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cardiogenetics15030020/s1. Supplementary Materials S1: Genes
included in the Illumina True Sight One panel and in the clinical exome panel; Supplementary
Materials S2: Family tree.
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