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Abstract

Background: PRKAG?2 cardiac syndrome is a rare autosomal dominant glycogen-storage
cardiomyopathy that mimics sarcomeric hypertrophic cardiomyopathy (HCM) but features
ventricular pre-excitation, progressive conduction disease and concentric hypertrophy due
to intracellular glycogen accumulation. The ¢.905G>A (p.Arg302Gln) variant is one of
the most frequently reported pathogenic substitutions. Case summary: We describe a
three-generation family carrying the heterozygous PRKAG2 p.Arg302GIn variant. The
proband, a 41-year-old man, presented with paroxysmal atrial fibrillation, short PR inter-
val and abnormal intraventricular conduction associated with concentric left ventricular
hypertrophy and preserved ejection fraction. Holter monitoring disclosed episodes of
high-grade atrioventricular block, prompting implantation of a primary-prevention dual-
chamber ICD. Two gene-positive brothers exhibited milder hypertrophy but shared sinus
bradycardia, ventricular pre-excitation and supraventricular arrhythmias; one underwent
catheter ablation of a posteroseptal accessory pathway. The affected mother displayed
a hypertrophic phenotype complicated by sick sinus syndrome and permanent atypical
atrial flutter requiring pacemaker implantation. No relevant extracardiac involvement
was detected in any family member. Review and novelty: Using this family as a starting
point, we provide a concise narrative review of PRKAG2 syndrome with emphasis on the
Arg302GIn genotype, molecular mechanisms and emerging treatment strategies. We high-
light key multimodality imaging and tissue-characterization features that help distinguish
diffuse, concentric glycogen-storage hypertrophy from the often-asymmetric pattern of
sarcomeric HCM. Integration of our findings with published Arg302GIn cohorts illustrates
the broad phenotypic variability in conduction disease, pre-excitation and atrial arrhyth-
mias. Conclusions: PRKAG2 p.Arg302Gln-related cardiomyopathy should be suspected
in patients with otherwise unexplained left ventricular hypertrophy associated with short
PR interval, pre-excitation or early brady-tachy arrhythmias. Early recognition of red-
flag features, systematic genetic testing, family screening and tailored arrhythmia/device
management are crucial, while emerging gene- and pathway-targeted therapies may offer
future disease-modifying potential.

Keywords: PRKAG2; cardiac glycogenosis; hypertrophic cardiomyopathy; ventricular
pre-excitation; Wolff-Parkinson-White; conduction disease
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is a relatively common, often inherited my-
ocardial disease, with an estimated prevalence of 1:200-1:500 individuals [1]. It is typically
caused by pathogenic variants in genes encoding sarcomeric proteins, leading to myocyte
hypertrophy, myofibrillar disarray and interstitial fibrosis. In recent years, a growing
number of non-sarcomeric conditions with left ventricular hypertrophy (LVH) have been
recognized as phenocopies of sarcomeric HCM, including lysosomal storage diseases (e.g.,
Fabry and Danon disease), classical glycogenosis, and other metabolic or syndromic dis-
orders [2]. Among patients with an HCM phenotype and ventricular pre-excitation, a
significant minority harbor metabolic storage diseases [3]. In a histopathological series of
150 HCM patients with ventricular pre-excitation, 12% were attributed to known storage
disorders, including Pompe, Fabry and Danon diseases, as well as type IIl and type IV
glycogenosis. Within this group, PRKAG2 cardiac syndrome represents a unique non-
lysosomal glycogen storage cardiomyopathy, distinct from both sarcomeric HCM and
systemic glycogenosis [4]. PRKAG2 syndrome is an autosomal dominant metabolic heart
disease characterized by LVH, ventricular pre-excitation and progressive conduction sys-
tem disease. Although rare in the general population, PRKAG2 variants are found in up to
approximately 0.2-1% of individuals evaluated for suspected HCM. First described two
decades ago, this syndrome is now recognized as a crucial differential diagnosis of early-
onset HCM, especially when associated with Wolff-Parkinson-White pattern or high-grade
atrioventricular (AV) block [5]. Several comprehensive reviews of PRKAG2 syndrome have
been published, including recent case-based overviews [6]. However, data focusing on indi-
vidual genotypes and their real-world expression in families remain limited. In particular,
the c.905G>A (p.Arg302Gln) variant is one of the most frequently reported pathogenic sub-
stitutions and offers a useful model to explore the interplay between genotype, conduction
disease and glycogen storage hypertrophy.

The objective of this work is therefore two-fold: to describe in detail a three-generation
family carrying the PRKAG2 c.905G>A (p.Arg302Gln) variant, illustrating the spectrum of
electrical and structural manifestations within a single pedigree (Figure 1); and to integrate
this case with a focused narrative review addressing genotype-specific aspects, diagnostic
red flags [2,7] and emerging therapeutic implications of PRKAG2 cardiac syndrome.
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Figure 1. Pedigree of the family carrying the pathogenic PRKAG2 ¢.905G>A (p.Arg302GIn) variant.
Squares indicate males, circles indicate females, slashed symbols indicate deceased individuals, and
filled symbols represent clinically affected subjects. The proband (index case) is indicated by an arrow.
The diagram shows clustering of affected individuals along the maternal lineage, consistent with an
autosomal dominant inheritance pattern. A2: PROBAND (red arrow); M0: maternal grandmother,
affected; M1: mother, affected; P1: father, unaffected; A1: first-born brother, affected; A3: third-born
brother, affected.
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2. Case Presentation
2.1. Clinical Presentation of the Proband

The proband (A2) is a 41-year-old man referred to our center for evaluation of recur-
rent palpitations and a history of paroxysmal atrial fibrillation (AF) since early adulthood.
A resting 12-lead electrocardiogram (ECG) in sinus rhythm showed a short PR interval
and abnormal intraventricular conduction with a wide QRS complex, compatible with
possible ventricular pre-excitation. During documented AF (Figure 2A), no narrow or fully
pre-excited QRS complexes were observed, and QRS morphology remained similar to sinus
rhythm (Figure 2B), making a classical Kent-type accessory pathway unlikely and suggest-
ing either delayed intrinsic deflection due to LVH or a nodofascicular/atypical pathway.
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Figure 2. (A) Twelve-lead ECG of the proband (A2) showing atrial fibrillation. No narrow QRS
complexes or purely pre-excited morphologies documented. (B) Twelve-lead baseline ECG of

the proband (A2) showing sinus rhythm with a short PR interval and abnormal intraventricular
conduction, consistent with possible ventricular pre-excitation.

Twenty-four-hour Holter monitoring revealed frequent atrial premature beats, short
runs of supraventricular tachycardia, and intermittent second-degree AV block (Mobitz
I and 2:1 AV conduction). A single episode of advanced second-degree block with a
2.9 s pause was recorded. Given the coexistence of conduction disease, supraventricular
arrhythmias and the suspicion of a glycogen storage cardiomyopathy [8], genetic testing
was undertaken.

Transthoracic echocardiography demonstrated concentric LVH with an interventricu-
lar septal thickness of 15 mm, normal left ventricular end-diastolic diameter and preserved
systolic function (left ventricular ejection fraction 60%). Biatrial enlargement was present,
without significant valvular disease or pulmonary hypertension. LVH appeared diffuse and
homogeneous rather than asymmetric, a pattern more typical of storage cardiomyopathies
than of classic sarcomeric HCM. Representative images are shown in Figure 3. In view of
documented high-grade AV block in conjunction with supraventricular arrhythmias and
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the subsequent confirmation of a pathogenic PRKAG2 variant, a dual-chamber ICD was
implanted for primary prevention of sudden cardiac death.

(@) | (b)

Figure 3. Echocardiographic findings of our proband (A2). (a) Parasternal Long Axis Left ventricular
View (b) Ascending aorta.

2.2. Genetic Testing and Family Screening

Genomic DNA was extracted from peripheral blood leukocytes using standard proce-
dures. Next-generation sequencing (NGS) was performed using a targeted cardiomyopathy
and arrhythmia gene panel that included PRKAG2 and major sarcomeric and conduc-
tion system genes [9,10]. Library preparation and sequencing were carried out according
to the manufacturer’s instructions, with an average coverage > 100x for all targeted
exons. Sequence variants were filtered based on allele frequency, predicted functional
impact and concordance with the clinical phenotype, and classified according to current
ACMG/AMP criteria. In the proband, we identified a heterozygous missense variant in
PRKAG2, ¢.905G>A (p.Arg302Gln, rs121908987), previously reported as pathogenic in
association with autosomal dominant non-lysosomal cardiac glycogenosis. No additional
pathogenic or likely pathogenic variants in sarcomeric or metabolic genes were detected.
Only common benign polymorphisms were observed. Cascade genetic testing was offered
to first-degree relatives. The same heterozygous PRKAG2 ¢.905G>A (p.Arg302GIn) variant
was documented in the proband’s mother (M1), eldest brother (A1) and youngest brother
(A3). The father (P1) tested negative, consistent with a maternal transmission pattern. The
available information on the maternal grandmother (M0), who reportedly had advanced
heart failure, was compatible with an affected status, though genetic confirmation was
not possible. All clinically evaluated relatives provided written informed consent for ge-
netic testing and publication of anonymized clinical data, in accordance with institutional
policies and the Declaration of Helsinki.

2.3. Phenotype of Affected Relatives and Intrafamilial Spectrum

The eldest brother (A1), in his late thirties, reported palpitations and irregular heart
beats detected by a wearable device. Holter monitoring documented frequent atrial ectopic
beats, often in bigeminy and occasionally non-conducted, in addition to paroxysmal AF
and a brady-tachy profile. He declined both electrophysiological study and device im-
plantation; therefore, an implantable loop recorder was chosen for rhythm surveillance.
Echocardiography revealed mild concentric LVH with preserved systolic function and
biatrial enlargement. The baseline ECG (Figure 4A) showed sinus bradycardia, a short PR
interval, incomplete right bundle branch block and possible ventricular pre-excitation.
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Figure 4. (A) Twelve-lead baseline ECG of the first-born brother (A1) showing sinus bradycardia with
a short PR interval, incomplete right bundle branch block with possible ventricular pre-excitation, left
ventricular hypertrophy. (B) Twelve-lead baseline ECG of the third-born brother (A3) obtained after
ablation of a posteroseptal pre-excitation showing sinus bradycardia with normal AV conduction and
left ventricular hypertrophy.

The youngest brother (A3) experienced paroxysmal supraventricular tachycardia
at age 18, due to a posteroseptal accessory pathway that was successfully ablated. He
later developed a single episode of typical counterclockwise atrial flutter. Current follow-
up shows a mild bradycardic phenotype [11] with sinus bradycardia and normal AV
conduction after ablation. Echocardiography demonstrated mild septal hypertrophy and
normal global LV function. A representative ECG after ablation is shown in Figure 4B.

The mother (M1, 68 years) has autoimmune thyroiditis and a hypertrophic cardiomy-
opathy phenotype. She developed a tachy-brady syndrome combining sick sinus syndrome
with recurrent atrial flutter and AF, leading to permanent atypical atrial flutter and pace-
maker implantation. Echocardiography showed LVH with preserved ejection fraction,
marked biatrial enlargement and no relevant valvular disease or pulmonary hyperten-
sion. She is on guideline-directed medical therapy for heart failure and rhythm control.
The maternal grandmother (M0) reportedly suffered from advanced heart failure in later
life, although detailed records and imaging are not available. Based on the family his-
tory, she is considered an obligate carrier of the PRKAG2 variant. Table 1 summarizes
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the arrhythmic manifestations, structural cardiac findings and management strategies
in affected carriers within the family. Genetic testing using next-generation sequencing
(NGS) revealed heterozygosity for the pathogenic missense variant PRKAG2 ¢.905G>A
(p-Arg302Gln, rs121908987), known to cause non-lysosomal cardiac glycogenosis with
autosomal dominant inheritance and full penetrance. The observed familial distribution
was therefore compatible with an autosomal dominant inheritance pattern.

Table 1. Summary of arrhythmia profiles, structural cardiac findings and management.

Sinus bradycardia, paroxysmal Electrical cardioversion,

Al (first-born brother) | 28y AF, accessory pathway Mild septal hypertrophy loop recorder implantation
Sinus bradveardia Left ventricular Pharmacological and

A2 (proband) 36 aroxvsmal AF. }III de rée AV hypertrophy, mild electrical cardioversion;

p y pbloci accessc;r a’?hwa aortic root dilation, dual chamber ICD

! yp y biatrial enlargement implantation

Slz?ﬁvl;;adxicta}f ilc?égrcrfszst(e)fiy Mild left ventricular EPS and accessory

A3 (third-born brother) 32y P AVI}QT paroxysmal septal hypertrophy, =~ pathway ablation. Strict
counterclockwise atrial flutter apical trabeculation FUP
M1 (mother) 68y ﬂPermar}ent ..a1typ1ca1 atrial Left ventricular Pacemaker implantation
utter, sick sinus syndrome hypertrophy

3. Discussion
3.1. Genetic and Molecular Insights with Focus on Arg302GIn

The PRKAG2 gene encodes the y2 regulatory subunit of AMPK, a central enzyme
involved in energy homeostasis through regulation of glucose uptake and glycogen
metabolism [12]. Pathogenic variants in PRKAG2 alter AMPK activity, leading to glycogen
accumulation in cardiomyocytes and subsequent cardiac hypertrophy. Unlike sarcomeric
HCM, which is characterized by myocyte hypertrophy and disarray, PRKAG2 syndrome
is defined by vacuolated myocytes with glycogen deposits, minimal fibrosis, and absence
of sarcomeric disarray. Commonly reported variants include Arg302GIn and Arg531Gly,
with variable penetrance and phenotypic expression. Intrafamilial variability has been
frequently observed, suggesting a strong influence of modifier genes and environmental
factors [13,14].

The PRKAG?2 gene, located on chromosome 7q36, encodes the y2 regulatory subunit
of AMP-activated protein kinase (AMPK). AMPK is a heterotrimeric enzyme, involved
in energy homeostasis through regulation of glucose uptake and glycogen metabolism
and it consists of a catalytic o subunit and regulatory 3 and y subunits [15]. The y2 sub-
unit contains four cystathionine 3-synthase (CBS) domains that bind adenine nucleotides
(AMP, ATP), regulating the activity of the kinase in response to changes in cellular energy
status [16].

During acute low-energy states, activation of AMPK leads to the suppression of ATP-
consuming anabolic pathways—such as glycogen, cholesterol, and fatty acid synthesis—
while concurrently promoting catabolic processes aimed at restoring cellular energy bal-
ance [17]. At the same time, AMPK activates ATP-producing pathways such as fatty
acid oxidation, and it increases glucose uptake in cells. However, the precise biological
mechanism by which PRKAG2 mutations lead to impaired glucose metabolism and excess
glycogen storage in human cells is still unclear [15,18].

The gamma 2 subunit of the AMPK, most abundantly expressed in the heart, may
contribute to cardiac development and specifically to the atrioventricular (AV) annulus
fibrosus development [4,19]. The disruption of the annulus fibrosus by glycogen-filled
myocytes interferes with the normal atrioventricular septation and may cause ventricular
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pre-excitation and reciprocating arrhythmias. Pathogenic variants in PRKAG2 typically
involve missense mutations within conserved regions of the CBS domains, resulting in
altered AMPK activity [20,21]. As reported by Xu et al. (2017), de novo mutations in the
PRKAG?2 gene—arising spontaneously and not inherited from either parent—can occur
and are associated with early-onset clinical manifestations [16].

The glycogen accumulation in cardiomyocytes, with frequent intracellular vacuoles,
due to AMPK dysfunction, is responsible for the development of ventricular hypertrophy
without sarcomeric disarray [22]. This contrasts with sarcomeric gene mutations, which are
characterized by myofibrillar hypertrophy and disarray on microscopy.

Several mutations have been identified, the most reported mutation were C.905G>A
(Arg302GIn) and c.1463A>T (Asn488lle), with variable penetrance, expressivity and age of
onset. Intrafamilial variability has been frequently observed, suggesting a strong influence
of modifier genes and environmental factors.

Other less common variants have been reported in the literature, Val336Leu, K475E,
His530Arg, Phe293Leu. Some variants may also activate the mTOR signaling pathway,
suggesting a potential role for targeted therapies in the future. For example, the K475E
mutation was associated with activation of the mTOR/p70S6K/4E-BP1 cascade in cellular
models. Treatment with rapamycin, an mTOR inhibitor, partially reversed hypertrophy
in vitro, highlighting a potential pathway for targeted therapy in selected patients [16].

Among the numerous variants described, c.905G>A (p.Arg302Gln) is one of the most
frequently reported and has been identified in several familial and sporadic cases. Previous
series have shown that Arg302Gln carriers typically present with LVH of variable degree,
short PR interval, ventricular pre-excitation and progressive AV conduction disease. Our
family confirms this pattern: all genotyped carriers had electrical abnormalities consistent
with PRKAG2 syndrome, while the severity of LVH ranged from mild to moderate and
systolic function remained preserved.

3.2. Clinical Spectrum of PRKAG2 Syndrome

The phenotype includes left ventricular hypertrophy (LVH), pre-excitation, atrial
and ventricular arrhythmias, and conduction abnormalities such as atrioventricular block
requiring pacemaker implantation. In a large European cohort of 90 patients, Lopez-Sainz
et al. reported LVH in 71%, atrial fibrillation in 29%, pacemaker requirement in 21%, heart
failure hospitalization in 14%, and sudden cardiac death or equivalent events in 8% over
a median follow-up of 6 years. Notably, severe hypertrophy and pre-excitation are not
universally present, which may delay diagnosis or lead to misclassification as sarcomeric
HCM [2].

PRKAG2 syndrome is characterized by the interplay of electrical, structural, and
metabolic alterations that produce a distinctive clinical phenotype [23]. One of the ear-
liest and most striking manifestations is ventricular pre-excitation, usually evident as a
Wolff-Parkinson-White pattern [24]. The prevalence of this finding varies across series:
while the largest multicentric cohort reported pre-excitation in approximately one third
of carriers [25], higher rates—up to 77%—have been documented in selected familial co-
horts [26], and earlier reviews consistently emphasized its role as a key early feature of the
disease [20].

Progressive conduction disease represents another defining hallmark [7]. In a large
study by Lopez-Sainz et al., nearly one in five patients had a pacemaker at baseline and
a further 21% required de novo implantation during follow-up, with a median age of
37 years [25]. Similarly, in a South Asian cohort, more than one third of patients underwent
pacing during seven years of follow-up [26]. Particularly striking are the data from Sternick
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et al., who showed that more than 50% of patients with fasciculoventricular pathways—a
characteristic marker of PRKAG2—progressed to complete atrioventricular block [27].

Atrial arrhythmias are frequent complications, with atrial fibrillation developing
in almost one third of patients in the largest available series [25], and cumulative rates
approaching 40% in pooled analyses [28]. Ventricular arrhythmias, although less common,
are clinically relevant: Lopez-Sainz et al. reported life-threatening events such as sustained
ventricular tachycardia, ventricular fibrillation, or sudden cardiac death in about 8% of
carriers [25]; similar observations have been described in smaller cohorts, including a 27%
event rate in the South Asian cohort [26] and a case of sustained ventricular tachycardia in
long-term follow-up [28].

Structurally, left ventricular hypertrophy (LVH) is almost universal in affected individ-
uals, although the reported prevalence again varies by cohort, ranging from two thirds of
patients in multicenter studies [25] to more than 80% in smaller familial series [26]. Impor-
tantly, this hypertrophy mimics sarcomeric hypertrophic cardiomyopathy on imaging but
it is driven indeed by glycogen accumulation within cardiomyocytes rather than myocyte
disarray [29]. Systolic function is typically preserved in the early stages, while progressive
remodeling, diastolic dysfunction, and atrial enlargement emerge over time [20,25,26,28].
The clinical spectrum is therefore broad: some carriers remain asymptomatic with isolated
electrocardiographic abnormalities, whereas others develop severe arrhythmias, marked
hypertrophy, or advanced conduction disease at a young age [20,25,26].

Despite being classified as a glycogen storage disease, PRKAG2 cardiac syndrome is
predominantly confined to the heart. Unlike systemic glycogenosis such as Pompe disease
or some forms of classical glycogen storage cardiomyopathy, significant skeletal muscle
weakness or overt myopathy has not been a consistent feature in published PRKAG2
cohorts. Our family is in line with this observation, as none of the carriers displayed
clinically evident skeletal muscle involvement. This relative cardiac restriction represents a
useful element in the differential diagnosis with other glycogen storage disorders.

3.3. Diagnosis and Differential Diagnosis

The diagnosis of PRKAG2 syndrome should be suspected in patients with unex-
plained LVH coexisting with ventricular pre-excitation, conduction system disease, or
early-onset atrial fibrillation [30]. Cardiac magnetic resonance often reveals hypertrophy
with preserved tissue characteristics, without late gadolinium enhancement, contrasting
with sarcomeric HCM. Genetic testing is essential for confirmation and for family screen-
ing [31]. Differential diagnoses include sarcomeric HCM, Danon disease, Fabry disease,
and Pompe disease, all of which can mimic hypertrophy in young individuals. Recognition
of PRKAG?2 syndrome relies on the integration of distinctive electrical and structural find-
ings. On the electrocardiogram, a short PR interval with ventricular pre-excitation is the
most common clue [7]. The disproportionate presence of fasciculoventricular pathways in
these patients provides an additional diagnostic marker, not only because such pathways
are rare in other forms of left ventricular hypertrophy but also because they often herald
progression to high-grade atrioventricular block [27,32].

Imaging further refines the differential diagnosis. Echocardiography typically shows
concentric or homogeneous hypertrophy, in contrast to the asymmetric septal thickening
and systolic anterior motion that typify sarcomeric hypertrophic cardiomyopathy [20].
Cardiac magnetic resonance has become central in characterizing this phenotype: PRKAG2-
associated hypertrophy is frequently diffuse [33], accompanied in the early stages by little
or no late gadolinium enhancement, and it is distinguished by reduced native T1 values
that reflect intracellular glycogen accumulation [34].
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Such tissue characterization allows a meaningful comparison with the major pheno-
copies of hypertrophic cardiomyopathy. In Danon disease, hypertrophy is accompanied
by globally elevated T1 values [35], whereas in Fabry disease the opposite occurs, with
reduced T1 but a characteristic inferolateral basal pattern of fibrosis [36,37]. Histology,
though rarely required in clinical practice, confirms the diagnosis by demonstrating car-
diomyocyte vacuolization with glycogen inclusions, in contrast to the myofibrillar disarray
that defines sarcomeric HCM [29,38—40]. Ultimately, genetic testing remains the definitive
diagnostic tool, but the combined assessment of electrocardiographic markers, imaging
features, and tissue signatures provides a powerful framework to differentiate PRKAG2
syndrome from other causes of left ventricular hypertrophy [20,41].

Endomyocardial biopsy is not routinely required when a pathogenic PRKAG2 variant
is identified but may be informative when the diagnosis remains uncertain. Histology
showing vacuolated myocytes with glycogen inclusions and minimal fibrosis, without
sarcomeric disarray, supports a glycogen storage cardiomyopathy. This contrasts with the
myofibrillar disarray of sarcomeric HCM and the lysosomal inclusions typical of Danon or
Fabry disease. In our family, biopsy was unnecessary because the electrical phenotype and
the known pathogenic variant provided a definitive diagnosis.

Differential diagnoses include sarcomeric HCM, Danon disease, Fabry disease and
other storage disorders; multimodality imaging and targeted genetic testing remain essen-
tial [7].

Our pedigree shows a typical Arg302Gln pattern of early electrical disease with
mild-to-moderate LVH. All carriers exhibited sinus bradycardia and supraventricular ar-
rhythmias but differed in severity of conduction disease and timing of device implantation.
Rather than marked variability, the family reflects a shared core phenotype modulated by
age and possible modifiers, consistent with previous Arg302GIn reports. Notably, conduc-
tion disease and atrial arrhythmias—rather than severe hypertrophy—appear to drive risk,
supporting early rhythm surveillance and timely device therapy in affected carriers.

3.4. Management and Prognosis

Management of patients with PRKAG2 gene-related cardiomyopathy requires a com-
prehensive approach tailored to both the cardiac manifestations and the risk of arrhythmias,
though there are currently no approved disease-modifying therapies. Main management
remains focused on arrhythmia control and pacemaker implantation when advanced AV
block occurs. Recommendations for pacing or cardiac resynchronization therapy (CRT)
follow current cardiology guidelines [42,43].

Catheter ablation of accessory pathways may be considered, but arrhythmias often
recur due to the diffuse substrate [44].

If heart failure with reduced ejection fraction develops, standard treatments are applied
(guideline-directed HFrEF pharmacotherapy, ICD/CRT evaluation when indicated, and, in
end-stage cases, consideration for transplantation) [45].

Prognosis of HCM phenocopies associated with defects in glycogen metabolism is
generally worse than that of sarcomeric HCM [4,25].

Also, genetic testing for detection of PRKAG2 variants does not predict prognosis
because no differences were noted in adverse disease-related events among different
PRKAG?2 variants, as reported by Barry ]. Maron et al. [46].

3.5. Future Directions

Further research is needed to better understand the pathophysiology of PRKAG2
syndrome, identify genotype—phenotype correlations, and develop targeted therapies.
Potential therapeutic approaches may include modulation of AMPK activity, metabolic
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reprogramming, or gene therapy [47]. Large registries and international collaborations
are necessary to refine risk stratification, improve management strategies, and prevent
life-threatening arrhythmic events.

There are some interesting new developments, but it is important to distinguish es-
tablished clinical practice from preclinical or experimental approaches. In this direction,
Avidity Biosciences Company has expanded beyond rare skeletal muscle disorders into a
new therapeutic field targeting the root cause of rare genetic cardiomyopathies. The com-
pany is advancing its AOC 1072 (Antibody Oligonucleotide Conjugate 1072) for PRKAG2
syndrome. Specifically, AOC 1072 is an antibody oligonucleotide conjugate designed to
deliver small interfering RNA (siRNA) directly to the heart muscle to reduce the expression
PRKAG?2 genes [48]. Treatment in mice and monkeys produced robust PRKAG2 knock-
down, reversed skeletal muscle glycogen accumulation, improved diastolic function in
a PRKAG?2 disease model, and was well-tolerated in non-human primates after a single
dose. This approach is promising but not yet a clinical therapy. Preclinical data on AOC
1072 were presented at the American Heart Association (AHA) Scientific Sessions on 16
November 2024, in Chicago, IL, USA.

With regard to gene editing, the H530R mutation in PRKAG2 was identified in pa-
tients with familial Wolff-Parkinson-White syndrome. Thus, experimental studies with
transgenic and knock-in H530R PRKAG2 mice reproduced human symptoms, including
cardiac hypertrophy and glycogen accumulation, confirming the causal relationship. Par-
ticularly, researchers combined adeno-associated virus 9 (AAV9) with the CRISPR/Cas9
editing system to selectively disrupt the mutant PRKAG?2 allele encoding H530R while
leaving the wild-type allele intact. A single systemic injection of AAV9-Cas9/sgRNA at
either day 4 or day 42 postnatally substantially restored heart morphology and function
in these mice. Overall, the work suggests that in vivo CRISPR/Cas9 genome editing is an
effective strategy for treating PRKAG2 cardiac syndrome and other dominant inherited
heart diseases, by selectively eliminating disease-causing mutations [49].

Also, in vitro experiments confirmed that (3-blockers correct PRKAG2 R302Q-induced
hypertrophy and glycogen accumulation by affecting the AKT-mTOR pathway, which
regulates metabolism, proliferation, and protein synthesis. In the heart muscle, mMTOR—
activated by AKT—stimulates cardiomyocyte enlargement via p70S6K and 4EBP1, key
protein-synthesis regulators. [-blockers are known to have cardioprotective effects
(anti-ischemic, antihypertensive, antiarrhythmic, ventricular function improvement). In
PRKAG2 R302Q-induced hypertrophic cardiomyopathy, metoprolol showed therapeutic
benefit, consistent with the detrimental role of chronic 31-AR activation, which promotes
remodeling, hypertrophy, and heart failure [50].

However, randomized controlled trials, imaging data, and supportive animal models
are lacking. Future studies using induced pluripotent stem cells, transgenic mice, and
clinical follow-up are planned. Metoprolol thus emerges as a potential first-line drug for
PRKAG?2 cardiac syndrome, but further clinical confirmation is needed.

4. Conclusions

PRKAG?2 cardiac syndrome is a rare but clinically important cause of HCM phenotype,
characterized by diffuse glycogen storage hypertrophy, early-onset conduction disease and
ventricular pre-excitation. The c.905G>A (p.Arg302Gln) variant is among the most fre-
quently encountered pathogenic substitutions and provides a useful model to understand
the intersection of metabolic, electrical and structural remodeling in the heart. Clinical
practice guidelines increasingly emphasize the systematic search for disease-specific ‘red
flags’ in patients with HCM phenotypes, to identify phenocopies that may require different
management [2]. In this context, PRKAG2 syndrome represents a paradigmatic example in
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which careful integration of electrical, structural and genetic information can dramatically
change the diagnostic label, family counseling and therapeutic strategy.
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ICD Implantable Cardioverter—Defibrillator
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HFrEF Heart Failure with Reduced Ejection Fraction

WPW Wolff-Parkinson-White Syndrome

PRKAG2 Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma 2
AMPK AMP-activated protein kinase

HCM Hypertrophic cardiomyopathy
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