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Abstract: PRKAG2 cardiomyopathy is a rare genetic disorder that manifests early in life with an
autosomal dominant inheritance pattern. It harbors left ventricular hypertrophy (LVH), ventricular
pre-excitation and progressively worsening conduction system defects. Its estimated prevalence
among patients with LVH ranges from 0.23 to about 1%, but it is likely an underdiagnosed condition.
We report the association of the PRKAG2 missense variant ¢.1006G>A p. (Val336lIle) with LVH,
conduction abnormalities (short PR interval and incomplete right bundle branch bock) and early-
onset arterial hypertension (AH) in a 44-year-old Caucasian patient. While cardiac magnetic resonance
(CMR) showed a mild hypertrophic phenotype with maximal wall thickness of 17 mm in absence of
tissue alterations, the electric phenotype was relevant including brady-tachy syndrome and recurrent
syncope. The same variant has been detected in the patient’s sister and daughter, with LVH + early-
onset AH and electrocardiographic (ECG) alterations + lipothymic episodes, respectively. Paying
close attention to the coexistence of LVH and ECG alterations in the proband has been helpful in
directing genetic tests to exclude primary cardiomyopathy. Hence, identifying the genetic basis in the
patient allowed for familial screening as well as a proper follow-up and therapeutic management of
the affected members. A review of the PRKAG2 cardiomyopathy literature is provided alongside the
case report.

Keywords: left ventricular hypertrophy; hypertrophic cardiomyopathy; PRKAG2 cardiomyopathy;
cardiac magnetic resonance; genetic test
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is a cardiac disorder characterized by hypertro-
phy of the left ventricular (LV) wall. The clinical presentation of HCM is highly variable
and often associated with atrial and ventricular arrhythmias, ischemia and eventually
heart failure. However, many patients are asymptomatic and diagnosed during rou-
tine examinations.

To date, several genes have been associated with HCM, mostly with autosomal domi-
nant inheritance [1]; however, mutations in eight sarcomere genes (MYH7, MYBPC3, TNNI3,
TNNT2, TPM1, MYL2, MYL3 and ACTC1) can diagnose 60% of familial HCM cases [2].

HCM can be isolated or associated with syndromic conditions, such as Danon disease,
Fabry disease, Noonan syndrome and PRKAG2 syndrome (PRS). PRS is a rare, early-
onset, autosomal dominant (AD) phenotype associated with mutations in the PRKAG2
gene (OMIM *602743), encoding the non-catalytic gamma subunit of the AMP-activated
protein kinase. This disorder includes LV hypertrophy (LVH), ventricular pre-excitation
and progressive conduction system abnormalities. Among patients with suspected HCM,
the estimated prevalence of PRS ranges from 0.23 to about 1% [3], but it is likely an
underdiagnosed condition. Indeed, its prevalence rises to 29% in patients with LVH and
pre-excitation, and prevalence estimation might be inaccurate since LVH and pre-excitation
do not always coexist [4,5].

2. Case Report
2.1. Case Presentation

We describe the case of a 44-year-old Caucasian male of Bulgarian origin, former
smoker, with early-onset arterial hypertension (AH) up to 180/90 mmHg, undergoing
routine cardiovascular assessment for recurrence of syncopal episodes. The ECG showed
sinus rhythm, short PR interval and incomplete right bundle branch block (RBBB) (Figure 1).
Echocardiography revealed concentric LVH with a maximal wall thickness (MWT) of
17 mm at the interventricular septum, with normal biventricular function. The patient
was therefore referred to cardiac magnetic resonance (CMR) to further evaluate the tissue
characterization and to validate the finding of LVH. CMR showed normal LV volumes,
supra-normal LV ejection fraction (EF) without alterations in segmental kinetics and LVH
with increased LV mass. A MWT of 17 mm was confirmed at the mid-interventricular
septum and hypertrophy of the anterolateral papillary muscle was also evident. In cine
steady state free precession (SSFP) images, a subaortic signal demodulation suggested
dynamic flow acceleration at the LV outflow tract. Tissue characterization sequences,
including T2w, late gadolinium enhancement (LGE) and multiparametric mapping images,
provided no evidence of tissue alterations such as either myocardial edema or fibrosis.
LV longitudinal strain and atrial reservoir strain were within normal limits, excluding
subclinical systolic and diastolic dysfunction, respectively. CMR findings are depicted in
Figure 2.

Given the effective pharmacological control of the blood pressure and atypical electro-
cardiographic (ECG) alterations for LVH, the patient was referred by the cardiovascular
imaging expert for assessment by a geneticist. After genetic counseling, no couple con-
sanguinity emerged among the four grandparents nor between the patient’s parents. His
mother was treated in Turkey for ischemic and hypertensive cardiomyopathy, and she died
at the age of 56 after several syncopal episodes; no autopsy data are available. A maternal
aunt experienced sudden cardiac death (SCD) at the age of about 50 and unfortunately,
also in her case, autopsy was not performed. His sister was affected by early-onset AH and
diagnosed with hypertensive heart disease in Bulgary. The patient’s offspring includes (i) a
9-year-old son in good health, practising agonistic sport activity (football), with normal
ECG (Supplementary File Figure S1) and echocardiography for age, and (ii) a 14-year-old
daughter with lipothymic episodes, ECG alterations (short PR interval, negative T waves
in v3-v6 and inferior leads—Supplementary Files Figure S2) and echocardiography within
normal limits for age.
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Figure 2. Cardiac magnetic resonance findings: (A) Cine steady-state free precession (SSFP) short-axis
image showing maximal wall thickness (17 mm—red line) of the anterior interventricular septum
and anterolateral papillary muscle hypertrophy (red star); (B) negative late gadolinium enhance-
ment (LGE) sequence; (C) cardiac magnetic resonance (CMR) feature-tracking left ventricular (LV)
strain: normal LV global longitudinal strain (—26.3%); (D) modified Lock-Locker inversion recovery
(acronym MOLLI) sequence for T1 mapping revealing normal native T1 at the interventricular septum
(970 ms); (E) extracellular volume (ECV) map showing normal values of extracellular volume (27%) at
the interventricular septum; (F) CMR feature-tracking LV strain: normal atrial reservoir strain (22.8%).

2.2. Results and Discussion

Genetic testing on the proband peripheral blood explored a panel of 46 genes asso-
ciated with HCM and revealed the missense variant c.1006G>A p. (Val336lle) in a single
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copy of the PRKAG2 gene, with unknown inheritance. The same variant was identified
in the patient’s sister (in Bulgary) and his daughter. The family pedigree is depicted in
Figure 3. This missense variant, absent in general population databases, is located next to
the AMP-binding CBS1 domain, replacing the highly conserved valine 336. This variant
has been previously reported in some individuals (ClinVar database, ID 179205) without
any phenotype correlation. In silico prediction, software does not agree on the possible
impact of the amino acidic substitution: indeed, Revel, SIFT and FATHMM are inconclu-
sive, whereas MetaLR, Mutation Taster and DANN predict a damaging effect. Overall, the
aggregate prediction of the p. (Val336lle) change computed by Franklin software (Version
12 January 2022 licensed by GENOOX company based on free resources such as dbVar,
UMLS, HPO, Orphanet—https:/ /franklin.genoox.com/clinical-db /home (accessed on 10
July 2024)) impact is reported as deleterious. Conversely, SpliceAl (Version 20 June 2024
based on hg38 build), software based on deep neural networks, did not predict a splicing
effect of the c.1006G>A substitution.

I:1

PRKAG2 PRKAG2
/ arterial hypertension

I .
n:1 n:2

12y Ty

PRKAG2 PRKAG2 -
T wave inversion

Figure 3. Family pedigree (the family pedigree has been drawn using the Pedigree XP Software
Version 2.6.0.209 lisenced to IRCCS Policlinico San Donato until 1 September 2024): The proband is
indicated by the black arrow. Circles represent females, and squares represent males. Filled-in figures
indicate affected members. A slash through the symbol represents deceased individuals; I, I and IIT
represent family generations.

A very similar variant affecting the same amino acid (p. Val336Leu) was previously
reported by Kun-Qi Yang et al. [6], in a Chinese family, where the affected members showed
diffuse concentric hypertrophy, one case of apical hypertrophy, markedly increased LV mass
and prominent LGE in 3/5 patients, with a predominant subendocardial pattern in mid-
distal segments. CMR findings were associated with various combinations of ventricular
pre-excitation, conduction disturbances and AH. The authors described a three-generation
pedigree and found the heterozygous single-base alteration in five members and only one
young asymptomatic carrier.

Another PRKAG2 mutation affecting the same amino acid (p. Val336Ala) was iden-
tified in a Caucasian family [7], displaying a severe cardiac phenotype, characterized
by paroxysmal atrial fibrillation (AF), atrioventricular block and massive LVH, associ-
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ated with SCD. In addition, other causative mutations were identified in the region be-
tween CBS1 and CBS2 [8] in Caucasian patients with LVH, [c.1004T>C (p. Met335Tyr);
¢.1023A>T (p. Leu341Phe)] [9], hinting at the critical function of this site, likely to be a
mutational hotspot.

Therefore, several pieces of evidence support a likely pathogenic role of this variant: it
is absent in population databases (gnomAD, ExAc), it is located adjacent to a functional
domain (AMP-binding CBS1 domain), it involves a highly conserved amino acid from
human to Zebrafish (UCSC genome browser), it is predicted damaging by different in silico
software, different substitutions of the Val336 were reported in other HCM patients and the
variant segregates with the disorder in our family.

In this report, we describe the genotype—phenotype correlation between the likely
pathogenic heterozygous variant c.1006G>A p. (Val336lle) in PRKAG2 gene and Caucasian
patients’ clinical pictures. This is characterized by non-massive LVH, absence of myocardial
fibrosis, early-onset AH and prominent conduction disturbances.

At a first glance, these findings could easily be attributed to hypertensive cardiomy-
opathy, but, notably, AH is a very well-known feature of PRKAG2 clinical spectrum.

Thus, in our case, AH is likely to be considered as associated with the syndrome,
especially when AH onset is early and in presence of familiar recurrence. Indeed, AH
might play a role in the development and progression of LVH.

The CMR phenotype of our patient differs from the cases reported by Kun-Qi Yang
et al. [6] and could be interpreted as a form of late-onset mild LVH [10].

During the first months of follow-up, the patient developed tachy-brady syndrome
and, in consideration of the risk profile [11] (familiar history of SCD, short PR interval, RBBB,
LVH, supraventricular tachycardia, early-onset AH), he was implanted dual-chamber im-
plantable cardioverted defibrillator (ICD). It is remarkable that, despite a mild hypertrophic
phenotype, with limited evidence of structural involvement, preserved ventricular func-
tion and non-massive LVH, the arrhythmic phenotype of the proband was predominant.
This is in contrast with what has been previously published among patients harboring
PRKAG2 heterozygous variants [11]. Given the family history, including a case of sudden
cardiac death and several instances of syncopal episodes across family members, this new
genotype—phenotype correlation is noteworthy.

In conclusion

(1) The proband imaging highly resembled a hypertensive cardiomyopathy, but a multi-
disciplinary discussion prompted further evaluation.

(2) The discrepancy between the extent of AH and the limited structural involvement
contrasting with both family history and ECG phenotype (short PR and incomplete
right bundle branch block) addressed genetic testing.

(8) A prevalent arrhythmic and conduction disturbance-related phenotype is associ-
ated with c.1006G>A PRKAG2 heterozygous variant in this family, providing a new
genotype—phenotype correlation.

Paying close attention to the coexistence of LVH, ECG alterations and familiar early-
onset arterial hypertension (Figure 4) helped direct diagnostic investigations to exclude
primary cardiomyopathy. Identifying the genetic basis in the proband allowed for familial
screening as well as a proper follow-up and therapeutic management of the patient. Serial
CMR imaging during follow-up could be useful for evaluating the progression of LVH and
the development of tissue alterations associated with this mutation in all affected members.
Currently, PRKAG2 cardiomyopathy has shown extremely heterogeneous phenotypes, the
progression of which over time is still poorly understood, especially regarding phenotype-
genotype correlations. We enclose below a literature review, showing the state of the art
regarding PRKAG2 syndrome, to complete our dissertation about the topic.
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Figure 4. Central illustration: The coexistence of left ventricular hypertrophy, ECG alterations
and familiar early-onset arterial hypertension directed genetic testing that identified the missense
mutation ¢.1006G>A p. (Val336lle) in PRKAG2 gene.

3. PRKAG2 Syndrome Literature Review
3.1. History and Genetics

The first description of the association between LVH and ventricular pre-excitation
dates to 1966 [12]. Later on, in 1991, PRS was mapped in the locus 7q 36 [13]. Still, only in the
early 2000s, the development of gene sequencing technologies discovered that mutations in
genes involved in glycogen metabolism were responsible for the syndrome [14]. The first
report of PRKAG2 causative mutation occurred in 2001 [5], and to date, nine pathogenic
mutations are reported in Leiden Open Variation Database (LOVD, last updated in 19
April 2024, genomic reference NG_007486.1). However, there is plenty of variants that
do not fulfill the criteria for pathogenicity and are thus classified as variants of unknown
significance (VUS); in the study from Lopez-Sainz et al. [10], VUS accounted for 30%
of cases.

A systematic review, including 193 PRKAG?2 patients from 23 published studies [11],
reported c.905G>A (Arg302GIn) and c.1463A>T (Asn488lle) as the most common mutations,
with 110 and 40 cases, respectively. Patients harboring ¢.905G>A show a greater prevalence
of ventricular pre-excitation, syncope and early pacemaker (PM) implantation, while LVH
is more frequently observed among patients with ¢.1463A>T mutation.

Five PRKAG2 heterozygous mutations [15] (p. Arg531GlIn, p. Glu506Gln, p. Arg384Thr,
p- Lys475Glu and p. Gly100Ser) were associated with early onset of HCM and poor prog-
nosis. Among those, the most severe is c.1592G>A (Arg531GIn), with a report of cardio-
genic shock and death within the first three months of life [16]. Also two novel variants,
Leu341Ser and Lys485Glu, have been associated with severe cardiac phenotype requiring
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heart transplantation at a young age [17]. The p.Glu506Lys mutation was described in a
Turkish family with PRS and associated with progressive HCM leading to heart failure
(HF) with reduced EF at 40 years of age [18]. p.Ser333Pro, p.Val336Ala and p.His530Arg
mutations were reported in a French cohort of 34 PRS patients, the latter being associated
with early evolution towards HF [7].

Systemic involvement with skeletal myopathy and creatine phosphokinase (CPK) ele-
vation was observed among patients with c.1463A>T (Asn488lle) or Ser548Pro [19], while
the most frequent mutation (Arg302Gln) was never associated with extracardiac involve-
ment. Early presentation with LVH and skeletal muscle involvement were also reported in
the presence of c.1518A>C (p. Glu506Asp) or c.1463A>T (p. Asn488lle) mutations [20].

Association with early-onset AH occurred with c.1591C>G (p. Arg531Gly) and
¢.1453A>G mutations [21].

In patients with non-sarcomeric LVH and Wolff Parkinson White (WPW), almost all
studies document missense mutations, except for Blair et al. [22] who reported an insertion
mutation (Exon 5:InsLeu) associated with LV systolic dysfunction. Biallelic PRKAG2
truncating variants were associated with severe and fatal neonatal cardiomyopathies [23].
The missense mutation c.425C>T (p.T142I) heterozygous variant was associated with a
dilated cardiomyopathy (DCM) early-onset phenotype [24]. A case report described a
combination of SCN5A p.A204E and PRKAG2 p.D372N mutations associated with DCM,
LVH and multifocal ectopic Purkinje-related premature contractions [25].

The association between LVH, conduction abnormalities and LV non-compaction [26,27]
was reported in two Chinese families.

Table 1 reviews all previous reports on PRKAG2 cardiomyopathy, with associations
between genotype and phenotype.

Table 1. Review of previous reports on PRKAG2 cardiomyopathy with genotype—phenotype correlation.

Study Nr Patients Genetics Imaging Other Findings
Olgz‘r};‘f;a%g‘égl] 2 c.634C>T VUS novel Echo or CMR: LVH. :
Neonatal cardiogenic
2 pts: homozygous shock.
truncating variant: Echo: dilated hypokinetic ECG at 4 months of age:
Janin et al., Circ. p-I1e550Asnfs*58 cardiomyopathy. positive T waves in V1
Genom Precis Med. 3 1 pt: homozygous Autopsy: dilated ventricles, thin and V2, negative T
2023 [23] 2504 base pair LV wall with fibrosis and waves in V3 to V6,
deletion removing fibroelastosis. fragmented P wave,
exon 11 slightly prolonged PR
interval.
Echo and CMR:
1 pt concentric biventricular
pEEtopy BTOPNd oy o At s
Marcu et al., Life 4 same famil p.Arg302GIn ok erfmp e LoE PRWPW, AE PM 4th
2022 [29] ' y heterozygous P yp P y'_ © ! decade for advanced
normal T1; AV block, heart failure
1 ptno LVH; ’ ’
1 pt LVH only; and
1 pt not available.
Cadena-Ullauri et al., 1 pt Echo: structurally normal ECG signs of LVH,
. . c.905G>A L
Front Cardiovasc 2: same family Are30Gl heart; and WPW, migraines and
Med, 2022 [30] p-A1g n 1 pt not available. tachycardia.
Pena et al., Arq Bras 30 28 pts Arg302GIn Echo: reduced RVEF in 56.7% of = WPW, AH, atrial flutter
Cardiol, 2022 [31] 2 pts His401GIn pts, RVEF below 35% in 7 pts. and AF.
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Study Nr Patients Genetics Imaging Other Findings
Zhang et al., BMC 1 pt CMR: LVH and LVNGC; Short PR, WPW, sinus
Med Genomics, 5: same family c.905G>A (p.R302Q) 2 pts CMR: LVNG; bradycardia, 2 pts with
2022 [26] 2 pts Echo: normal. normal ECG.
- Atrial flutter as clinical
Magalhaes et al., Arq
Bras Cardiol, 5: same family Arg302GIn Echo: LVH in 4 pts. onset, WPW, RBBB, PM
2022 [32] 4th decade for
advanced AV block.
Komurcu-Bayrak
et. al., Ar.chlves of 8: same family E506K Echo: LVH in all. WPW, PM, SCD in
Biochemistry and 2 pts.
Biophysics, 2022 [33]
1 pt Echo: dilated and
I_glairé‘?oevtailc"l\ljg?t 7 siblings p-D372N hypokinetic LV; and 1 pt SCD and
2022 [25] ’ 8 (+SCN5A p.A204E) 1 pt Echo: dilated and 1 pt HTx (10 yo).
hypokinetic LV, LVH.
Gong et al,, Mol 1 pt c.425C>T 1pt Echp an.d CMR: dilated and 1 pt HE (9 yo) and
. (p-T142I) hypokinetic LV, no LGE; and
Genet Genomic Med, 2 . . 1 pt WPW, syncope
2022 [24] 1 pt c.869A>T 1 pt Echo and CMR: asymmetric (10 yo)
(p-K2901) LVH. ’
Tang et al., g
Cardiovascular 9 - Echo: LVH. I\I/?;&(/ectu;l dlsdatg]lj;y,
Ultrasound, 2022 [34] s reduce ’
Atrial flutter, AV block
Chen et al., Front ) ) 4 /
Cardiovasc Med, 3 c.905G>A (R302Q) 2 pts Echo: LVH; short I.DR' PM,
2022 [35] 1 pt echo normal. thrombus in the LAA,
syncope.
Fang et al., ] Clin 1 c.166G>A (p.G56S) mi d(_jrl;l/[R: Hrgli\/[l, E)éc;n:llv i cal Syncope, ICD, heart
Med, 2021 [36] .298G>A (p.G100S) yoca qu atera failure, death.
Beyzaei et al., BMC
Med Genomics, 1 C92A>T - Liver cirrhosis.
2021 [37] (p-Met198Leu)
. . WPW, PM for AV block
Ahamed et al., Sci 2 c.905G > A Echo: ;i]gzzgzl)eﬁ;rmular and/or sino-nodal
Rep, 2020 [38] (p-Arg302Gln) CMR: 2/8 pts with LGE. dlsturbances,.AF, 6 pts
SCD or equivalent.
Echo: 3 pts asymmetric LVH and
1 pt symmetric LVH, atrial WPW, PM for AV block
Hu;.ctia;bzct;l [1"2r71}/[ed 5 Arg302GIn enlargement. and severe
’ CMRin 2 pts: no LGE, 1 pt bradycardia.
apical LVNC.
WPW, PM, AF, heart
Lopez-Sainz et al., 90 zzoptfsp.fsgjfgzggf: Echo: 60 pts LVH failure, 3 pts SCD, 4 pts
JACC, 2020 [10] f;arg"varian o TP ' aborted SCD, 11 pts
’ death/HTx.
1 pt Echo and CMR:
biventricular hypertrophy,
massive LVH, increased native
Wang et al., Int J 866ASG T1 and ECV, patchy LGE,
Cardiovasc Imaging, 2 siblings ( His289 Arg) reduced GLS; and WPW.
2020 [39] p- & 1 pt Echo and CMR: LVH,

increased native T1,
subendocardial to mid wall LGE
at the basal inferior wall.
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R302Q (c.905G>A)
Hu et al., R302P (c.905G>C) I‘é‘g%@?;ﬁ%ﬂ
EBioMedicine, 25 L341S (c.1022C>T) Echo: LVH. ¢ i—IT ! 1 j[ t i
2020 [17] H401D (c.1201C>G) p . r’; g ie}f;éD
KA485E (c.1453A>C) myectomy, £ pts 5L
Coban-Akdemir (?t al., C359G>A, WPW,
Am JMed Genetic A, ! Argl20His - Ebstein anomal
2020 [40] p-ATg ein anomaly.
Hoss et al., Circ
: Echo: asymmetric LVH; and 1 pt WPW and PM for
Genom Precis Med, 2 p-Arg302GIn CMR: severe LGE+. AV block.
2020 [41]
Multisystemic
Deletion of involvement,
Di Stolfo et al., Mol chromosome 7q35-36 dysmorphisms and
Genet Genomic Med, 1 including loss of one Echo: normal. systemic
2019 [42] copy of SHH, KCNH2 malformations.
and PRKAG2 ECG: short PR, long QT,
VSD (6 yo).
c.1463A>T
Sri et al., Case Rep . (p-Asn488lle) Echo and CMR: LVH, no LGE. WPW), skeletal
. 7: two families Echo and CMR: LVH and 1 pt
Pediatr, 2019 [20] c.1518A>C with LGE myopathy.
(p.Glu506Asp) '
. Died accidentally at
H&Zadetzgll"gl [i:;n 1 p-G75A (VUS) - 72 yo, autopsy:
! myocyte disarray, AH.
Jaaskeldinen et al.,
ESC Heart Fail, 1 ﬁoz(g;éln Echo: LVH. -
2019 [44] P-Arg
: Severe neonatal HCM
Gorla et al., ] Pediatr ¢.1592G >A . . ¢
4 1 Echo: biventricular hypertrophy.  fetal hydrops, short PR.
Genet, 2018 [15] (p-Arg531Gln) Neonatal SCD.
Epicoco et al., JACC:
clinical . . WPW, atrial flutter,
electrophysiology, 1 His530Arg Echo and CMR: symmetric LVH. PM,/ICD for AV block.
2018 [45]
Zhan et al., ] Mol Cell 1. 1 pt Echo: LVH; and 1 pt PM for AV block,
Cardiol, 2018 [46] 2 siblings c905G>A (R302Q) 1 pt Echo: normal. 1 pt WPW.
Sternick et al.,
Europace, 2018 [47] 1 R302Q - PM for AV block.
WPW, NSTEMI for
Banankhah et al., coronary bridging of
BMC Med Genet, 1 Arg302GIn CMR: apical and septal LVH. LAD.
2018 [48] LAD unroofing and
myectomy:.
Mendes de Almeida
et al., PLoS One, 1 ¢.1234-317T>G Echo: LVH. -
2017 [49]

Xuetal, Am]J Neonatal onset of
Physiol Heart Circ 1 c.1423 A>G (KA475E) Echo: LVH. 1?(011\2 ahor S;RO
Physiol, 2017 [50] s SHOTL LR

Yang et al., Sci Rep, c.1006G>T Echo and CMR: concentric LVH,
2017 [6] > (p-Val336Leu) RVH, 3 pts LGE +. WPW, AH.
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Table 1. Cont.

Study Nr Patients Genetics Imaging Other Findings
Zhao et al., Int ] Mol p.GlleOSer
Med, 2017 [51] 1 (+associated Echo: LVH. -
’ mutation in MYBPC3)
ggﬁgngylz WPW, PM, ICD, 2 pts
Thevenon etal, 34 p.Val336Ala Echo: 15 pts LVH. HT, 11 pts SCD,
Europace, 2017 [7] skeletal muscle
p-Ser333Pro symptoms
p.His530Arg ymptoms.
Sternick et al., Circ
Arrhythm 1 c.905G>A ) ECG signs of LVH, PM
Electrophysiol, p-Arg302GIn (20 yo), AF.
2016 [52]
Austin et al., Mol c.298G>A Intention tremor, ataxia
Genet Metab, 2017 1 (Gly100Ser/ Echo: mild LVH. and mild hypotonia at
[53] G100S) neonatal age.
Yogasundaram et al., Echo and CMR: biventricular Svncope. high-erade
Circ Heart Fail, 1 p-Arg302GIn (R302Q)  hypertrophy and outflow tract yn leblc?ck &
2016 [54] obstruction, apical LGE+. ’
c.298G>A
Zhao et al., Int ] Mol p-Gly100Ser . )
Med, 2016 [55] 2 (1 pt + associated Echo: LVH.
mutation MYH?)
N ECG signs of LVH,
Euﬁugztzzgiéal['é o] 3: same family R302Q - WPW, AF, PM for
pace, AV block.
Poyhonen P etal., J )
Cardiovasc Magn 7: two families c:905G>A (p-R302Q) Echo and CMR: LVH, 2 pts WPW, PM, 1 pt HTx.
c.1031A>C (p.H344P) LGE+.
Reson, 2015 [8]
Aggarwal et al., Ann .
Pediatr Cardiol, 1 ( Cé?%%?;f ) Echo: concentric LVH. WPJIV ’ }ll(lgh-frade AV
2015 [57] p-His g. ock, syncope.
Sternick et al., Eur Echo and CMR: massive LVH,
Heart J, 2014 [58] 1 R302Q septal LGE+. WPW, NSTEML
Schofield et al., BMJ ) .
Case Rep, 2013 [57] 1 - Echo: massive LVH. AF, HTx.
Early-onset AH, WPW,
Liu et al., PLoS One, c.1453A>G ) o AVRT, AF, PM for AV
2013 [21] ! (p.Lys485Glu, Kagsg)  Dno: LVH, reduced LVEF (46%). )" cening HF
(awaiting HTx).
p-P83S (c.247C>T)
Sheffold et al., Clin i . (3 pts + associated .
Res Cardiol, 2011 [59] 3: same family mutations in Echo: severe LVH. )
MYBPC3)
Fasciculo-ventricular
Sternick et al., Heart pathway, 5 pts
J 10 Arg302gIn Echo: 3 pts LVH. complete AV block, AF,
Rhythm, 2011 [60] .
atrial flutter, syncope,
1 pt SCD.
Kelly et al., Pediatr heterozygous E506Q Echo: LVH, LVOTO, SAM. Neonatal onset, short

Cardiol, 2009 [61]

mutation in Exon 14 PR, 1 pt HTx 29 yo.
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Table 1. Cont.

Study Nr Patients Genetics Imaging Other Findings
Van Belle Y et al.,
Pacing Clin 1 ¢.1004 T>C Echo: LVH. AF, short PR.
electrophysiol,
2008 [62]
Morita et al., NEJM, . .
2008 [63] 1 His530Arg Echo: LVH. -
Akman et al., Pediatr Echo: severe hypertrophy of LV
Res, 2007 [64] 1 R384T heterozygous septal and atrial walls. Neonatal death.
. Bradycardia, short PR,
St‘fi‘;i st :‘i J RBBB, PM, atrial
a a . 20 Arg302GIn Echo: 2 pts asymmetric LVH. tachyarrhythmias; 3 pts
electrophysiol, )
2006 [65] SCD at a young age;
and no pts with WPW.
Bayrak et al., Eur ] o . Short PR, advanced
Heart Failure Case 8 G1606>A Echo: blvent]i{fglr}aé)hypertrop hy, NYHA class, PM,
report [18] ' AV block.
Laforet,
Neuromuscolar Ser548Pro Echo: LVH. milggfet PIR ’cf)kilr?f)aslis
disorders, 2006 [66] §lycos ’
Bradycardia, short PR,
Burwinkel et al., Am | 3 heterozygous R531Q Echo: congenital LVH, WPW, recurrent apnea,
Hum Gen, 2005 [16] missense mutation biventricular hypertrophy. progressive HF, VF, all
pts neonatal death.
Myalgia, proximal
myopathy, skeletal
muscle biopsy: excess
Asn488Ile H304 mitochondria and
Murplzlgoest [all 9’]] ACC, 45 Arg302GIn H363 Echo: progressive LVH. ragged red fibers with
Arg302GIn H9 minimal glycogen
accumulation, PM, AF,
SVT, NSVT, 3 pts
stroke, 1 pt SCD.
Arad etal., NEJM, 3 Missense Y487H Echo: LVH. Short PR, SCD.
2005 [4]
Blair et al., Human Ef;ﬁiiﬁ rmnils:;?;el’ Short PR or WPW, PM,
Molecular Genetics, 8: two families TTA after the codon Echo: LVH. AF, 1 pt HTX,
2001 [22] 3 pts SCD.

for arginine 109

In the case of frameshift mutation the symbol * indicates the premature termination of the encoded protein. AF:
atrial fibrillation; AH: arterial hypertension; AV: atrio-ventricular; AVRT: atrio-ventricular re-entrant tachycar-
dia; CMR: cardiac magnetic resonance; ECG: electrocardiogram; Echo: echocardiography; ECV: extracellular
volume fraction; GLS: global longitudinal strain; HCM: hypertrophic cardiomyopathy; HF: heart failure; HTx:
heart transplant; ICD: implantable cardioverter defibrillator; KCNH2: Potassium Voltage-Gated Channel Sub-
family H Member 2; LAA: left atrial appendage; LAD: left anterior descending artery; LGE: late gadolinium
enhancement; LVEF: left ventricular ejection fraction; LVH: left ventricular hypertrophy; LVNC: left ventricu-
lar non-compaction; LVOTO: left ventricular outflow tract obstruction; LV: left ventricular; MYBPC3: cardiac
myosin-binding protein C; MYH?7: Myosin Heavy Chain 7; NYHA: New York Heart Association class; NSTEMI:
no ST elevation myocardial infarction; NSVT: non-sustained ventricular tachycardia; PM: pacemaker; PRKAG2:
Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma 2; PSVT: paroxysmal supraventricular tachycardia;
pt: patient; RBBB: right bundle branch block; RVEF: right ventricular ejection fraction; RVH: right ventricular
hypertrophy; SAM: systolic anterior motion of anterior mitral valve leaflet; SCD: sudden cardiac death; SCN5A:
Sodium Voltage-Gated Channel Alpha Subunit 5; SHH: Sonic Hedgehog; SVT: supraventricular tachycardia; VF:
ventricular fibrillation; VSD: ventricular septal defect; VUS: variant of unknown significance; and WPW: Wolff
Parkinson White.
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3.2. Pathophysiology

PRKAG?2 gene encodes the y2 regulatory subunit of 50 Adenosine Monophosphate-
Activated Protein Kinase (AMPK), which is a highly conserved serine/threonine protein
kinase [67] that modulates cellular energy homeostasis by switching on ATP-generating
pathways and turning down anabolic pathways, in response to cellular stress. AMPK is
extensively expressed in cardiac tissue, where it regulates glucose and fatty acid uptake,
storage and employment. Mutations in PRKAG2 cause structural changes in AMPK and
alter its affinity to AMP, impairing carbohydrate metabolism and ultimately causing storage
cardiomyopathy with glycogen deposition within myocites [68]. Most disease-causing
mutations are observed in the highly conserved CBS domain region, disrupting the typical
interaction between the AMPK-y2 subunit and adenosine-containing ligands.

Studies conducted in vitro and on animal models yielded conflicting results regarding
the activation of AMPK in the presence of PRKAG2 mutations [16,64,69-74]. However,
regardless of the specific molecular mechanism, all these mutations led to glycogen ac-
cumulation. Unlike fiber disarray and myocardial fibrosis, typical of sarcomeric HCM,
the histopathologic feature of PRKAG2-related myocardial hypertrophy is collagen-filled
myocyte vacuolations [19,21,68]. However, there is evidence suggesting that not only de-
posits but also disorders in ATP handling [19] may contribute to tissue damage, potentially
affecting skeletal muscles. Interesting insights in PRS molecular derangements derive
from animal models. In a mouse model of mutant PRKAG2, in which glycogen deposition
was inhibited, Kim et al. [75] observed that storage ablation eliminated LV pre-excitation
but did not affect cardiac hypertrophic growth, which is modulated by enhanced insulin
sensitivity and protein kinase B activation. Banerjee et al. [76] showed that dysregulated
AMPK activity triggers the early activation of NF-KB and AKT signaling, inducing my-
ocardial hypertrophy. Also, mutated AMPK [77] was found to be related to autophagy
and apoptosis [78] and could unbalance the phosphorylation state of cardiac troponin,
impacting myocardial contractility.

Isolated histological reports of interstitial fibrosis, myofibrillar disarray and fibrofatty
replacement in PRS are present in the literature [21,79].

As for conduction disturbances, the pathological mechanisms are still unclear.
Glycogen-filled myocytes may hinder the physiological atrioventricular septation during
cardiogenesis [5,60,80], causing pre-excitation and reciprocating arrhythmias. In transgenic
mice, glycogen deposition damaged the annulus fibrosus and led to WPW [70]. Inhibition
of glycogen content accumulation in cardiomyocytes effectively suppresses arrhythmias
in transgenic mice [81]. However, Tan et al. [82] found Mahaim fibers in a PRS patient
(R302Q) with SCD, in the absence of glycogen accumulation. Finally, other studies showed
that AMPK mutation could lead to ionic channel dysfunction and arrhythmia [83,84].

3.3. Clinical Features

In the OMIM website, there is a specific entry of a metabolic disease, causing altered
glycogen storage due to heterozygous mutations of the PRKAG2 gene, with a clinical
picture characterized by systemic involvement [64]. PRS phenotype varies between fami-
lies, and even family members carrying the same mutation may display different clinical
manifestations, indicating variable expressivity of the disease [19,20,27,29]. The penetrance
reported for PRS is as high as 99% [11]. The onset of symptoms usually occurs between
the third and fifth decades of life, albeit intrauterine development of the disease has been
reported [16], as well as cases of late-onset mild LVH [10].

e  Left ventricular hypertrophy and function:

PRS typically includes progressive symmetric LVH, with variable MWT. Although
severe LVH has been classically depicted, ranging from 24 mm in Asn488Ile to 33 mm in
Glu506Lys [7], an MWT > 20 mm was only reported in fewer than one half of patients
from a multicentric European cohort [10]. LVH occurs more commonly in a concentric
pattern [25,47-50]; however, eccentric LVH with predominant involvement of the inter-
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ventricular septum has been reported, as well as early syndromes exhibiting infero-lateral
wall LVH and evolving towards a diffuse pattern [8]. Cases of asymmetric localized
LVH [58,85], apical hypertrophy with “spade-like” cavity and papillary muscle hypertro-
phy have also been described [17,29]. Concomitant right ventricular (RV) hypertrophy may
be present [39,54,86]. Right atrial wall thickening has been detected in the advanced stages
of the disease [39].

Demand-supply mismatch myocardial ischemia [58] has been observed in the case of
massive LVH.

In most patients, the natural history of PRKAG2 mutations reveals a slowly progressive
increase in wall thickness [19]; while, in sarcomeric HCM, LVH undergoes a gradual
decrease with aging. Moreover, patients with sarcomeric HCM usually present with
asymmetrical LVH predominantly involving the interventricular septum [87].

PRKAG2 cardiomyopathy may evolve from LVH with preserved EF towards LV
dysfunction and dilation, resembling DCM. Both diastolic and systolic dysfunction may
progressively develop [34,86]. HF affects 12% of patients [11], with a significantly higher
prevalence in the presence of Glu506Lys (exon5:InsLeu) [22] and His142Arg mutations [18].
In the largest European cohort, systolic dysfunction was observed in more than 20% of
patients [10]. In presence of preserved LV EF, reduction in global longitudinal strain (GLS)
was reported [54,82]. RV systolic dysfunction by longitudinal strain and 3D EF were also
observed [29,86], even in absence of PM [88]. Advanced HF complication rates are worse
in patients with PRS than in other patients with HCM [89].

LV outflow tract obstruction (LVOTO) is rare [10,29,38,86], if present, and together
with a restrictive diastolic pattern and progression towards LV dilation, they represent a
leading cause of adverse outcomes [22] (i.e., SCD and cardiac transplant). Few cases of heart
transplants are reported, especially in patients with the most common variants [14,16,60].

A single case report described the association between LVH, WPW and coronary
bridging causing angina in a 24-year-old female with PRKAG2 Arg302GIn mutation and a
heterozygous CACNB2 mutation on exon 4 (VUS) [48].

e  Ventricular pre-excitation:

ECG alterations in the absence of ultrastructural or echocardiographic changes have
been reported with a 100% penetrance before 18 years of age, as compared to a 78%
penetrance of LVH after 18 years of age [19]. The typical ECG feature of PRS is a short
PR interval, which is reported in 68% of patients [14] and is indicative of pre-excitation.
In a South Asian cohort, a typical WPW pattern with short PR interval and delta wave
was observed in 77% of PRS patients [38]; while, in the European cohort by Lopez Sainz
et al. [10], the pre-excitation pattern was only detected in one-third of the population. The
pre-excitation ECG pattern is most commonly subtended by common accessory pathways
and decremental atrioventricular connections or fasciculoventricular pathways [14,19,90].
Different accessory pathways responsible for reciprocating atrio-ventricular tachycardia
have been described in Arg302GIn patients [22,91,92]. Patients with accessory pathways
associated with PRKAG2 mutations often have distinct clinical, ECG and electrophysio-
logic profiles [45,60], and radiofrequency ablation may lead to iatrogenic atrio-ventricular
block [19].

e Conduction system abnormalities and arrhythmias:

Overall conduction system alterations occur in 44% of PRS patients, and over 40%
of patients are implanted with a permanent PM within the third or fourth decade of
age [11]. The mean onset age for symptomatic conduction disease is 38 years, ranging
from 16 to 56 years [11,19]. However, conduction disturbances are not always present
in PRS and may occasionally develop later in life [91,92]. Typical ECG features of PRS
are RBBB, slurred QRS depolarization phases and eccentric patterns of intraventricular
delays >120 ms. Sinus bradycardia, sinoatrial and advanced atrioventricular blocks may
cause chronotropic incompetence, correlated to syncope, Adam Stokes syndrome and
hemodynamic decompensation, requiring premature PM implantation. Other reported
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ECG features are high QRS voltage, depolarization abnormalities and left axis deviation,
even in the absence of LVH.

Supraventricular arrhythmias (SVT) are reported in 38% of patients with PRS [11]. AF
might be the symptom of onset, associated with stroke and rapid ventricular arrhythmias
in the presence of pre-excitation. Of note, AF is common and occurs about 10 years earlier
than in sarcomeric HCM, with an average age of 43 & 16 years [10]. There is evidence that
the p.Arg302GIn mutation directly damages the atrium, causing intense vacuolization of
cardiomyocytes and fibrosis, when comparing samples from mutant left atrial appendage
and age-matched individuals with AF [35]. Findings in R302Q PRS patients suggest that
atrial glycogen deposition may determine atrial conduction disturbances [47], and atrial
enlargement might even precede LVH at earliest stages of the disease [27,93]. In nearly half
of patients with early-onset cryptogenic stroke, pathogenic variants in cardiogenic disease
genes, including PRKAG2, have been identified, indicating cardioembolic susceptibility
even in the absence of structural heart abnormalities [94].

The prevalence of SCD in PRS is commonly reported as around 8-10%, with a mean
age of 33 years [10,11,19,60,65]. Higher rates have been reported in a South Asia cohort
(27%) [65] and in a French cohort [7] (20%). SVT degenerating into ventricular fibrillation
(VF) and advanced atrio-ventricular block are among the main causes of SCD [10,60].
Interestingly, electropshysiological study (EPS) in PRS patients showed VF induction by
high atrial pacing and not by ventricular extra stimuli [19]. SCD has been reported in PRS
patients also in the absence of massive LVH [60] and occasionally during sleep [92].

e  Arterial hypertension and extracardiac involvement:

Up to 50% of PRKAG2 pathogenic mutation carriers are reported to have AH, often
with young age onset [17,29]. The association between AH and PRS is not fully understood;
however, it is plausible that early-onset AH may accelerate and contribute to LVH.

PRS may occasionally manifest with systemic involvement such as skeletal myopathy
and CPK elevation [5,19,21,60]. The observed discrepancy between the severity of cardiac
and skeletal muscle symptoms may be due to a greater expression of the AMPK-y2 subunit
in the heart [14]. In some cases, ventricular pre-excitation and skeletal myopathy precede
the development of LVH.

3.4. Cardiac Magnetic Resonance Findings

CMR is the gold standard for evaluating ventricular function, volumes and wall
thickness, in addition to providing non-invasive tissue characterization. Hence, CMR is the
ideal technique for studying metabolic and infiltrative cardiomyopathies. To date, only few
cases of PRKAG2 cardiomyopathy have been described by CMR, and no specific pattern
has been identified [6,8,54,58,85]. It is plausible that different mutations in the PRKAG2
gene may result in phenotypic heterogeneity, similar to what occurs in sarcomeric HCM.
CMR documented that LVH is commonly symmetric, although cases of asymmetry with
predominantly septal, mid-inferolateral or distal involvement have been described, as well
as rare cases of RV involvement [39,54,86]. Myocardial hypertrophy of the infero-lateral
wall has been described in the early phases of the disease, while a more diffuse LVH pattern
with prevalence at the interventricular septum has been reported in the advanced stages [8].
However, in some patients, an increase in LV volumes and/or a progressive deterioration
of LV EF have also been reported.

Data on tissue characterization are heterogeneous [6,8,38]. In a South Asian cohort
with p.Arg302GIn by Ahamed et al. [38], LV LGE was observed in a minority of patients,
while Yang et al. [6] documented a greater prevalence of LGE, including one case of RV LGE.
It is plausible that different mutations may entail different fibrotic burdens and/or patterns.
Also, findings may change according to the stage of progression of the disease, since fibrotic
burden seems to progressively increase with the degree of LVH [29,38]. Subendocardial and
patchy or ill-defined intramyocardial LGE distributions are the most commonly described,
and some cases or transmural LGE have also been reported [6,39,41,54]. Heterogeneity in
LVH and LGE patterns may be present also within the same family [39]. Yang et al. [6] re-
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ported an association between LGE and adverse clinical outcomes such as SCD, worsening
of LV EF, ventricular dilation and conduction disturbances.

In patients without LGE, T1 values may be reduced at the very early stages and
progressively increase with the development of myocardial fibrosis [8]. The presence of
interstitial fibrosis has also been reported as an increase in extracellular volume fraction
(ECV) [39].

A CMR study [95] comparing HCM with rare phenocopies, including PRS, showed
that LGE extension, global native T1 and ECV are significantly higher in patients with
rare diseases.

3.5. Differential Diagnosis

Differential diagnosis between hypertrophic phenocopies is of paramount importance,
as it allows the acquaintance of the specific natural history of the disease, as well as address-
ing clinical management and medical treatment. Early diagnosis may allow extra support
for daily activities and assistance to alleviate the psychological impact of the disease.

Differential diagnosis between PRKAG2 cardiomyopathy and HCM is based on genetic
analysis, as the two diseases may overlap, although the phenotypic expression of both
phenocopies is highly variable. Other differential diagnosis for PRS are Danon’s cardiomy-
opathy and Anderson-Fabry cardiomyopathy, which are both X-linked genetic disorders.
Danon’s cardiomyopathy [36] is characterized by massive LVH, short PR interval, high
arrhythmic burden and a mean survival rate <25 years; extracardiac involvement consists
of skeletal myopathy and intellectual disability. Cardiac involvement in Anderson—Fabry
disease [96-98] includes reduced native T1 due to intracellular lipid storage, LVH and
myocardial inflammation/fibrosis of the infero-lateral basal wall; other extracardiac symp-
toms are acroparesthesias, renal failure, stroke, abdominal pain, angiokeratomas and
corneal-lenticular opacities. Also, mitochondrial disorders [99] may be associated with
HCM phenocopies.

The prognosis of patients with PRKAG2 genetic variants is better than that of patients
with Danon disease, especially for men, although it is still poorer compared to those with
sarcomeric HCM [89,100].

Differential diagnosis with Danon or Fabry cardiomyopathy is pivotal since enzyme
replacement therapy (ERT) may be implemented in these latter cases.

3.6. Clinical Management and Treatment

Since no specific guidelines for PRKAG2 cardiomyopathy are available, the approach
to the disease commonly refers to the ESC guidelines for the diagnosis and management of
HCM [101].

As for HCM, MWT and LV EF at baseline proved to be prognostic markers. Of note, in
the largest European cohort reported in the literature [10], the mean LV EF of patients with
events was 55%, indicating that borderline values may already entail clinical implications.
Porto et al. suggested a red flags-based approach [11] including familiar history (SCD,
genetic disease with AD inheritance), age (young onset between the first and the fourth
decades), ECG (signs of pre-excitation, bradycardia, atrioventricular blocks, bundle branch
blocks), echocardiography (LVH), ECG monitoring (SVT, chronotropic incompetence), EPS
(presence of accessory pathways) and systemic involvement (myalgia, early-onset AH,
epilepsy). Other potential prognosticators that may aid risk stratification are syncope
with arrhythmic features, extent of LVH, LGE and documented non-sustained ventricular
tachycardia (NSVT).

In suspicion of PRS, genetic counseling and accurate familiar screening are recom-
mended. The mutation in the proband can be leveraged for family screening to identify
gene carriers for strict follow-up and preventive measures. Moreover, the identification of
PRKAG?2 pathogenic variants also allows preimplantation or prenatal genetic testing.

Genetic testing in PRKAG2 is not a strategy to predict prognosis, since no differences
between variants were identified in terms of adverse disease-related events [10]. Strict
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arrhythmic monitoring is advised, especially in young patients with clinical suspicion of
brady- or tachyarrhythmias. Exercise stress testing and EPS may also be useful to investigate
the mechanism and the clinical context of arrhythmias and possibly consider PM implanta-
tion in the presence of advanced atrioventricular block or chronotropic incompetence.

Arrhythmic risk stratification and indications of ICD implantation in primary preven-
tion are still debated, due to the lack of follow-up data and the small number of events
reported in the literature; moreover, SCD RISK score is not applicable to HCM phenocopies.
The decision should be weighted by taking into consideration red flags such as familiar
history, documented NSVT/VT, syncope of suspected arrhythmic origin and high-risk
patterns of pre-excitation at EPS. A dual-chamber ICD should be evaluated in PRS patients
in presence of conduction system disease.

Lastly, CMR may contribute to patient stratification through tissue characterization
and accurate quantification of LVH and LGE extent.

Although there is no specific treatment for PRS yet, it might represent a suitable
candidate for ERT or gene therapy, as already happened for other storage HCM pheno-
copies. Promising pre-clinical studies show that glycogen-storage cardiomyopathy and
conduction system degeneration associated with PRKAG2 mutation might be reversible,
and the development of accessory pathways may be prevented by inhibition of glycogen
accumulation during early postnatal development [81].

The prognosis of HCM phenocopies associated with glycogen metabolism defects is
usually worse than that of sarcomeric protein gene variants [7,11]. Early diagnosis of PRS
and application of contemporary therapies may hopefully bring PRKAG2 cardiomyopathy
towards the low mortality rates and good quality of life that have been reached over the
years for sarcomeric HCM.

4. Materials and Methods

Genomic DNA was extracted using a Maxwell automatic extractor (Promega Corpo-
ration, 5500 East Cheryl Parkway Suite 110, Feynman Center Manufacturing 2780 Woods
Hollow Rd, Madison, WI, USA), enriched with TruSight One Expanded (Illumina, 5200
[lumina Way, S. Diego, CA 92122, USA) and sequenced by Next-Generation Sequencing
(NGS) on Next5eq2000 platform (Illumina). Sequences were analyzed according to GATK
Best Practice criteria, exploiting pipelines based on BWA, Smith—Waterman algorithm, Free
Bayes, SnpSift-SnpEFF and Base Space Onsite. Variants in a panel of 46 genes (ANKRD1,
ACTC1, ACTN2 (except intervals §.236897733-236897818 and g.236899858-236899968), BAG3,
BRAF, CACNAIC, CAV3, COX15, CSRP3, DES, FHL1, FHOD3, FLNC, GAA, GLA, HRAS,
JPH2 (except interval g.42805457-42806612), KLF10, KRAS, LAMP2, LDB3, MAP2K1, MAP2K2,
MYBPC3, MYH6, MYLK2, MYOM1, MYOZ2, MYPN, MYH7, MYL2, MYL3, NRAS, PLN,
PRKAG2, PTPN11, RAF1, RIT1, SHOC2, SLC25A4, SOS1, TNNC1, TNNI3, TNNT2, TPM1
and TTR) associated with cardiomyopathies were prioritized based on information in pub-
lic databases (ex. gnomAD, NCBI, LOVD) and classified according to ACMG guidelines [9].
Candidate variants were confirmed by Sanger sequencing. The presence of the candidate
variants in family members was evaluated by Sanger sequencing.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ijms25179171/s1.

Author Contributions: Conceptualization, L.T. and E.M.; methodology, L.T., E.M. and S.B.; software
E.M. and S.B.; validation, E.M. and S.B.; formal analysis E.M. and S.B.; investigation L.T. and E.M.;
resources L.T., EM. and M.L.; data curation L.T. and E.M.; writing—original draft preparation E.M.,
L.T. and M.A.S; writing—review and editing, L.T., EM. and S.B.; visualization, A.C., G.G., G.D. and
A.A; supervision, PS., G.C., M.P,, M.L. and C.P.; project administration M.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijms25179171/s1
https://www.mdpi.com/article/10.3390/ijms25179171/s1

Int. J. Mol. Sci. 2024, 25,9171 17 of 21

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in
the article/Supplementary Materials, and further inquiries can be directed to the corresponding
author/s.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Gerull, B.; Klaassen, S.; Brodehl, A. The Genetic Landscape of Cardiomyopathies. In Genetic Causes of Cardiac Disease. Cardiac and
Vascular Biology; Erdmann, J., Moretti, A., Eds.; Springer: Cham, Switzerland, 2019; Volume 7. [CrossRef]

Wilde, A.AM.; Semsarian, C.; Marquez, M.E,; Shamloo, A.S.; Ackerman, M.].; Ashley, E.A.; Sternick, E.B.; Barajas-Martinez, H.;
Behr, E.R.; Bezzina, C.R.; et al. European Heart Rhythm Association (EHRA)/Heart Rhythm Society (HRS)/ Asia Pacific Heart
Rhythm Society (APHRS)/Latin American Heart Rhythm Society (LAHRS) Expert Consensus Statement on the state of genetic
testing for cardiac diseases. Europace 2022, 24, 1307-1367. [CrossRef] [PubMed]

Gruner, C.; Care, M.; Siminovitch, K.; Moravsky, G.; Wigle, E.D.; Woo, A.; Rakowski, H. Sarcomere protein gene mutations in
patients with apical hypertrophic cardiomyopathy. Circ. Cardiovasc. Genet. 2011, 4, 288-295. [CrossRef] [PubMed]

Arad, M.; Maron, B.J.; Gorham, ].M.; Johnson, W.H., Jr.; Saul, ].P.; Perez-Atayde, A.R.; Spirito, P.; Wright, G.B.; Kanter, R].;
Seidman, C.E,; et al. Glycogen storage diseases presenting as hypertrophic cardiomyopathy. N. Engl. ]. Med. 2005, 352, 362-372.
[CrossRef] [PubMed]

Gollob, M.; Seger, ].J.; Gollob, T.N.; Tapscott, T.; Gonzales, O.; Bachinski, L.; Roberts, R. Novel PRKAG2 mutation responsible for
the genetic syndrome of ventricular Preexcitation and conduction system disease with childhood onset and absence of cardiac
hypertrophy. Circulation 2001, 104, 3030-3033. [CrossRef] [PubMed]

Yang, K.Q.; Lu, C.X,; Zhang, Y.; Yang, YK; Li, ].C.; Lan, T.; Meng, X; Fan, P; Tian, T.; Wang, L.P; et al. A novel PRKAG2 mutation
in a Chinese family with cardiac hypertrophy and ventricular pre-excitation. Sci. Rep. 2017, 7, 2407. [CrossRef]

Thevenon, J.; Laurent, G.; Ader, F; Laforét, P; Klug, D.; Duva Pentiah, A.; Gouya, L.; Maurage, C.A.; Kacet, S.; Eicher, ].C.; et al.
High prevalence of arrhythmic and myocardial complications in patients with cardiac glycogenosis due to PRKAG2 mutations.
Europace 2017, 19, 651-659. [CrossRef] [PubMed]

Poyhonen, P.,; Hiippala, A.; Ollila, L.; Kaasalainen, T.; Hanninen, H.; Helio, T.; Tallila, J.; Vasilescu, C.; Kivisto, S.; Ojala, T; et al.
Cardiovascular magnetic resonance findings in patients with PRKAG2 gene mutations. J. Cardiovasc. Magn. Reson. 2015, 17, 89.
[CrossRef] [PubMed] [PubMed Central]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef] [PubMed]
[PubMed Central]

Lopez-Sainz, A.; Dominguez, F,; Lopes, L.R.; Ochoa, J.P.,; Barriales-Villa, R.; Climent, V.; Linschoten, M.; Tiron, C.; Chiriatti, C.;
Marques, N.; et al. Clinical Features and Natural History of PRKAG2 Variant Cardiac Glycogenosis. J. Am. Coll. Cardiol. 2020, 76,
186-197. [CrossRef]

Porto, A.G.; Brun, F.; Severini, G.M.; Losurdo, P.; Fabris, E.; Taylor, M.R.; Mestroni, L.; Sinagra, G. Clinical Spectrum of PRKAG2
Syndrome. Circ. Arrhythmia Electrophysiol. 2016, 9, e003121. [CrossRef]

Lev, M.; Leffler, W.B.; Langendorf, R.; Pick, A. Anatomic findings in a case of ventricular pre-excitation (WPW) terminating in
complete atrioventricular block. Circulation 1966, 34, 718-733. [CrossRef] [PubMed]

MacRae, C.A.; Ghaisas, N.; Kass, S.; Donnelly, S.; Basson, C.T.; Watkins, H.C.; Anan, R.; Thierfelder, L.H.; McGarry, K.; Rowland,
E. Familial hypertrophic cardiomyopathy with Wolff-Parkinson-White syndrome maps to a locus on chromosome 7q3. J. Clin.
Investig. 1995, 96, 1216-1220. [CrossRef]

Gollob, M.H.; Green, M.S.; Tang, A.S.; Gollob, T.; Karibe, A.; Ali Hassan, A.S.; Ahmad, F; Lozado, R.; Shah, G.; Fananapazir, L.;
et al. Identification of a gene responsible for familial Wolff-Parkinson-White syndrome. N. Engl. ]. Med. 2001, 344, 1823-1831;
Erratum in N. Engl. J. Med. 2001, 345, 552; Erratum in N. Engl. |. Med. 2002, 346, 300. [CrossRef] [PubMed]

Gorla, S.R.; Raja, K.R.; Garg, A.; Barbouth, D.S.; Rusconi, P.G. Infantile Onset Hypertrophic Cardiomyopathy Secondary to
PRKAG2 Gene Mutation is Associated with Poor Prognosis. J. Pediatr. Genet. 2018, 7, 180-184. [CrossRef] [PubMed] [PubMed
Central]

Burwinkel, B.; Scott, ].W.; Biihrer, C.; van Landeghem, FK.; Cox, G.F,; Wilson, C.J.; Grahame Hardie, D.; Kilimann, M.W. Fatal
congenital heart glycogenosis caused by a recurrent activating R531Q mutation in the gamma 2-subunit of AMP-activated protein
kinase (PRKAG2), not by phosphorylase kinase deficiency. Am. ]. Hum. Genet. 2005, 76, 1034-1049. [CrossRef]

Hu, D.; Hu, D.; Liu, L.; Barr, D.; Liu, Y.; Balderrabano-Saucedo, N.; Wang, B.; Zhu, F,; Xue, Y.; Wu, S.; et al. Identification, clinical
manifestation and structural mechanisms of mutations in AMPK associated cardiac glycogen storage disease. EBioMedicine 2020,
54, 102723. [CrossRef]

Bayrak, F.; Komurcu-Bayrak, E.; Mutlu, B.; Kahveci, G.; Basaran, Y.; Erginel-Unaltuna, N. Ventricular pre-excitation and cardiac
hypertrophy mimicking hypertrophic cardiomyopathy in a Turkish family with a novel PRKAG2 mutation. Eur. |. Heart Fail.
2006, 8, 712-715. [CrossRef] [PubMed]


https://doi.org/10.1007/978-3-030-27371-2_2
https://doi.org/10.1093/europace/euac030
https://www.ncbi.nlm.nih.gov/pubmed/35373836
https://doi.org/10.1161/CIRCGENETICS.110.958835
https://www.ncbi.nlm.nih.gov/pubmed/21511876
https://doi.org/10.1056/NEJMoa033349
https://www.ncbi.nlm.nih.gov/pubmed/15673802
https://doi.org/10.1161/hc5001.102111
https://www.ncbi.nlm.nih.gov/pubmed/11748095
https://doi.org/10.1038/s41598-017-02455-z
https://doi.org/10.1093/europace/euw067
https://www.ncbi.nlm.nih.gov/pubmed/28431061
https://doi.org/10.1186/s12968-015-0192-3
https://www.ncbi.nlm.nih.gov/pubmed/26496977
https://www.ncbi.nlm.nih.gov/pmc/PMC4619453
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://www.ncbi.nlm.nih.gov/pmc/PMC4544753
https://doi.org/10.1016/j.jacc.2020.05.029
https://doi.org/10.1161/CIRCEP.115.003121
https://doi.org/10.1161/01.CIR.34.5.718
https://www.ncbi.nlm.nih.gov/pubmed/5923836
https://doi.org/10.1172/JCI118154
https://doi.org/10.1056/NEJM200106143442403
https://www.ncbi.nlm.nih.gov/pubmed/11407343
https://doi.org/10.1055/s-0038-1657763
https://www.ncbi.nlm.nih.gov/pubmed/30430036
https://www.ncbi.nlm.nih.gov/pmc/PMC6234042
https://www.ncbi.nlm.nih.gov/pmc/PMC6234042
https://doi.org/10.1086/430840
https://doi.org/10.1016/j.ebiom.2020.102723
https://doi.org/10.1016/j.ejheart.2006.03.006
https://www.ncbi.nlm.nih.gov/pubmed/16716659

Int. J. Mol. Sci. 2024, 25,9171 18 of 21

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Murphy, R.T.; Mogensen, J.; McGarry, K.; Bahl, A.; Evans, A.; Osman, E.; Syrris, P.; Gorman, G.; Farrell, M.; Holton, ].L.; et al.
Adenosine monophosphate-activated protein kinase disease mimicks hypertrophic cardiomyopathy and Wolff-Parkinson-White
syndrome: Natural history. J. Am. Coll. Cardiol. 2005, 45, 922-930. [CrossRef]

Sri, A.; Daubeney, P; Prasad, S.; Baksi, J.; Kinali, M.; Voges, I. A Case Series on Cardiac and Skeletal Involvement in Two Families
with PRKAG2 Mutations. Case Rep. Pediatr. 2019, 2019, 7640140. [CrossRef] [PubMed] [PubMed Central]

Liu, Y,; Bai, R.; Wang, L.; Zhang, C.; Zhao, R.; Wan, D.; Chen, X.; Caceres, G.; Barr, D.; Barajas-Martinez, H.; et al. Identification of
a novel de novo mutation associated with PRKAG2 cardiac syndrome and early onset of heart failure. PLoS ONE 2013, 8, e64603.
[CrossRef]

Blair, E.; Redwood, C.; Ashrafian, H.; Oliveira, M.; Broxholme, J.; Kerr, B.; Salmon, A.; Ostman-Smith, I.; Watkins, H. Mutations in
the v, subunit of AMP-activated protein kinase cause familial hypertrophic cardiomyopathy: Evidence for the central role of
energy compromise in disease pathogenesis. Hum. Mol. Genet. 2001, 10, 1215-1220. [CrossRef] [PubMed]

Janin, A.; Gouy, E.; Putoux, A.; Perouse-de-Monclos, T.; Chevalier, P.; Faucherre, A.; Mancilla Abaroa, ].; Jopling, C.; Collardeau
Frachon, S.; Radojevic, ].; et al. Biallelic PRKAG2 Truncating Variants Are Associated with Severe Neonatal Cardiomyopathies.
Circ. Genom. Precis. Med. 2023, 16, 277-279. [CrossRef] [PubMed]

Gong, X.; Yu, P; Wu, T.; He, Y.; Zhou, K.; Hua, Y.; Lin, S.; Wang, T.; Huang, H.; Li, Y. Controversial molecular functions of CBS
versus non-CBS domain variants of PRKAG2 in arrhythmia and cardiomyopathy: A case report and literature review. Mol. Genet.
Genomic Med. 2022, 10, €1962. [CrossRef] [PubMed] [PubMed Central]

Huang, W.; Xu, R.; Gao, N.; Wu, X.; Wen, C. Case Report: Family Curse: An SCN5A Mutation, c.611C>A, p.A204E Associated
With a Family History of Dilated Cardiomyopathy and Arrhythmia. Front. Cardiovasc. Med. 2022, 9, 822150; Erratum in Front.
Cardiovasc. Med. 2022, 9, 944834. https:/ /doi.org/10.3389 /fcvm.2022.944834. [CrossRef] [PubMed] [PubMed Central]

Zhang, J.; Han, X,; Lu, Q.; Feng, Y.; Ma, A.; Wang, T. Left ventricular non-compaction cardiomyopathy associated with the
PRKAG2 mutation. BMC Med. Genom. 2022, 15, 214. [CrossRef] [PubMed] [PubMed Central]

Hu, J.; Tang, B.; Wang, J.; Huang, K.; Wang, Y,; Lu, S.; Gowreesunkur, H.B.; Wang, Y.; Wu, D.; Mayala, H.A.; et al. Familial Atrial
Enlargement, Conduction Disorder and Symmetric Cardiac Hypertrophy Are Early Signs of PRKAG2 R302Q. Curr. Med. Sci.
2020, 40, 486-492. [CrossRef] [PubMed]

Oktay, V.; Tiifekgioglu, O.; Yilmaz, D.C.; Onrat, E.; Karabulut, D.; Celik, M.; Balcioglu, A.S.; Sucu, M.M.; Ozdemir, G,; Kaya,
H.; et al. The Definition of Sarcomeric and Non-Sarcomeric Gene Mutations in Hypertrophic Cardiomyopathy Patients: A
Multicenter Diagnostic Study Across Tiirkiye. Anatol. J. Cardiol. 2023, 27, 628-638. [CrossRef] [PubMed] [PubMed Central]
Marcu, A.S.; Vatasescu, R.; Onciul, S.; Radoi, V.; Jurcut, R. Intrafamilial Phenotypical Variability Linked to PRKAG2 Mutation-
Family Case Report and Review of the Literature. Life 2022, 12, 2136. [CrossRef] [PubMed] [PubMed Central]

Cadena-Ullauri, S.; Guevara-Ramirez, P; Ruiz-Pozo, V.; Tamayo-Trujillo, R.; Paz-Cruz, E.; Sanchez Insuasty, T.; Doménech, N.;
Ibarra-Rodriguez, A.A.; Zambrano, A.K. Case report: Genomic screening for inherited cardiac conditions in Ecuadorian mestizo
relatives: Improving familial diagnose. Front. Cardiovasc. Med. 2022, 9, 1037370. [CrossRef] [PubMed] [PubMed Central]

Pena, J.L.B.; Melo, EJ.; Santos, W.C.; Moura, I.C.G.; Nakashima, G.P; Freitas, N.C.; Sternick, E.B. Right Ventricle Involvement by
Glycogen Storage Cardiomyopathy (PRKAG?2): Standard and Advanced Echocardiography Analyses. Arq. Bras. Cardiol. 2022,
119, 902-909. [CrossRef] [PubMed] [PubMed Central]

Magalhaes, E.ES.; Magalhaes, L.P,; Pinheiro, J.O.; Guabiru, A.T.; Aras, R. Atrial Flutter in PRKAG2 Syndrome: Clinical and
Electrophysiological Characteristics. Arg. Bras. Cardiol. 2022, 119, 681-688. [CrossRef] [PubMed] [PubMed Central]
Komurcu-Bayrak, E.; Kalkan, M.A.; Coban, N.; Ozsait-Selcuk, B.; Bayrak, F. Identification of the pathogenic effects of missense
variants causing PRKAG2 cardiomyopathy. Arch. Biochem. Biophys. 2022, 727, 109340. [CrossRef] [PubMed]

Tang, L.; Li, X.; Zhou, N.; Jiang, Y.; Pan, C.; Shu, X. Echocardiographic characteristics of PRKAG2 syndrome: A research using
three-dimensional speckle tracking echocardiography compared with sarcomeric hypertrophic cardiomyopathy. Cardiovasc.
Ultrasound. 2022, 20, 14. [CrossRef] [PubMed] [PubMed Central]

Chen, S.; Lin, Y,; Zhu, Y.; Geng, L.; Cui, C; Li, Z.; Liu, H.; Chen, H.; Ju, W.; Chen, M. Atrial Lesions in a Pedigree With PRKAG2
Cardiomyopathy: Involvement of Disrupted AMP-Activated Protein Kinase Signaling. Front. Cardiovasc. Med. 2022, 9, 840337.
[CrossRef]

Wang, Y,; Jia, M.; Guo, Y.; Zhang, T.; Ning, B. Case Report: Danon Disease: Six Family Members and Literature Review. Front.
Cardiovasc. Med. 2022, 9, 842282. [CrossRef] [PubMed] [PubMed Central]

Beyzaei, Z.; Ezgu, F; Geramizadeh, B.; Alborzi, A.; Shojazadeh, A. Novel PRKAG2 variant presenting as liver cirrhosis: Report of
a family with 2 cases and review of literature. BMC Med. Genom. 2021, 14, 33. [CrossRef] [PubMed] [PubMed Central]
Ahamed, H.; Balegadde, A.V.; Menon, S.; Menon, R.; Ramachandran, A.; Mathew, N.; Natarajan, K.U.; Nair, I.R.; Kannan, R;;
Shankar, M.; et al. Phenotypic expression and clinical out-comes in a South Asian PRKAG2 cardiomyopathy cohort. Sci. Rep.
2020, 10, 20610. [CrossRef]

Wang, J.; Li, X.; Xu, Y. Cardiac MR manifestations in two cases of PRKAG2 mutations in a Chinese family. Int. ]. Cardiovasc.
Imaging 2020, 36, 1527-1531. [CrossRef] [PubMed]

Coban-Akdemir, Z.H.; Charng, W.L.; Azamian, M.; Paine, L.S.; Punetha, J.; Grochowski, C.M.; Gambin, T.; Valdes, 5.0.; Cannon,
B.; Zapata, G.; et al. Wolff-Parkinson-White syndrome: De novo variants and evidence for mutational burden in genes associated
with atrial fibrillation. Am. J. Med. Genet. A 2020, 182, 1387-1399. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1016/j.jacc.2004.11.053
https://doi.org/10.1155/2019/7640140
https://www.ncbi.nlm.nih.gov/pubmed/31049239
https://www.ncbi.nlm.nih.gov/pmc/PMC6458885
https://doi.org/10.1371/journal.pone.0064603
https://doi.org/10.1093/hmg/10.11.1215
https://www.ncbi.nlm.nih.gov/pubmed/11371514
https://doi.org/10.1161/CIRCGEN.122.003881
https://www.ncbi.nlm.nih.gov/pubmed/37013823
https://doi.org/10.1002/mgg3.1962
https://www.ncbi.nlm.nih.gov/pubmed/35588295
https://www.ncbi.nlm.nih.gov/pmc/PMC9266596
https://doi.org/10.3389/fcvm.2022.944834
https://doi.org/10.3389/fcvm.2022.822150
https://www.ncbi.nlm.nih.gov/pubmed/35600473
https://www.ncbi.nlm.nih.gov/pmc/PMC9120596
https://doi.org/10.1186/s12920-022-01361-2
https://www.ncbi.nlm.nih.gov/pubmed/36221081
https://www.ncbi.nlm.nih.gov/pmc/PMC9552423
https://doi.org/10.1007/s11596-020-2207-z
https://www.ncbi.nlm.nih.gov/pubmed/32681253
https://doi.org/10.14744/AnatolJCardiol.2023.2805
https://www.ncbi.nlm.nih.gov/pubmed/37466024
https://www.ncbi.nlm.nih.gov/pmc/PMC10621609
https://doi.org/10.3390/life12122136
https://www.ncbi.nlm.nih.gov/pubmed/36556501
https://www.ncbi.nlm.nih.gov/pmc/PMC9788523
https://doi.org/10.3389/fcvm.2022.1037370
https://www.ncbi.nlm.nih.gov/pubmed/36426223
https://www.ncbi.nlm.nih.gov/pmc/PMC9678921
https://doi.org/10.36660/abc.20210801
https://www.ncbi.nlm.nih.gov/pubmed/36417616
https://www.ncbi.nlm.nih.gov/pmc/PMC9814818
https://doi.org/10.36660/abc.20210792
https://www.ncbi.nlm.nih.gov/pubmed/36102422
https://www.ncbi.nlm.nih.gov/pmc/PMC9750222
https://doi.org/10.1016/j.abb.2022.109340
https://www.ncbi.nlm.nih.gov/pubmed/35787834
https://doi.org/10.1186/s12947-022-00284-3
https://www.ncbi.nlm.nih.gov/pubmed/35509080
https://www.ncbi.nlm.nih.gov/pmc/PMC9069802
https://doi.org/10.3389/fcvm.2022.840337
https://doi.org/10.3389/fcvm.2022.842282
https://www.ncbi.nlm.nih.gov/pubmed/35669483
https://www.ncbi.nlm.nih.gov/pmc/PMC9163303
https://doi.org/10.1186/s12920-021-00879-1
https://www.ncbi.nlm.nih.gov/pubmed/33509202
https://www.ncbi.nlm.nih.gov/pmc/PMC7845137
https://doi.org/10.1038/s41598-020-77124-9
https://doi.org/10.1007/s10554-020-01848-y
https://www.ncbi.nlm.nih.gov/pubmed/32314121
https://doi.org/10.1002/ajmg.a.61571
https://www.ncbi.nlm.nih.gov/pubmed/32233023
https://www.ncbi.nlm.nih.gov/pmc/PMC7275694

Int. J. Mol. Sci. 2024, 25,9171 19 of 21

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hoss, S.; Habib, M.; Silver, J.; Care, M.; Chan, R.H.; Hanneman, K.; Morel, C.E,; Iwanochko, R.M.; Gollob, M.H.; Rakowski, H.;
et al. Genetic Testing for Diagnosis of Hypertrophic Cardiomyopathy Mimics: Yield and Clinical Significance. Circ. Genom. Precis.
Med. 2020, 13, e002748. [CrossRef] [PubMed]

Di Stolfo, G.; Accadia, M.; Mastroianno, S.; Leone, M.P.; Palumbo, O.; Palumbo, P; Potenza, D.; Maccarone, P.; Sacco, M.; Russo, A.;
et al. Long QT syndrome in chromosome 7q35q36.3 deletion involving KCNH2 gene: Warning for chlorpheniramine prescription.
Mol. Genet. Genom. Med. 2019, 7, e855. [CrossRef] [PubMed] [PubMed Central]

Hata, Y.; Ichimata, S.; Yamaguchi, Y.; Hirono, K.; Oku, Y.; Ichida, F.; Nishida, N. Clinicopathological and Genetic Profiles of Cases
with Myocytes Disarray-Investigation for Establishing the Autopsy Diagnostic Criteria for Hypertrophic Cardiomyopathy. J. Clin.
Med. 2019, 8, 463. [CrossRef] [PubMed] [PubMed Central]

Jaaskeldinen, P.; Vangipurapu, J.; Raivo, J.; Kuulasmaa, T.; Helio, T.; Aalto-Setdld, K.; Kaartinen, M.; Ilveskoski, E.; Vanninen, S.;
Hémaldinen, L.; et al. Genetic basis and outcome in a nationwide study of Finnish patients with hypertrophic cardiomyopathy.
ESC Heart Fail. 2019, 6, 436—445. [CrossRef] [PubMed] [PubMed Central]

Epicoco, G.; Ali, H.; Lupo, P; Cappato, R. An Unusual Pattern of Ventricular Pre-Excitation: Electrophysiological and Genetic
Substrate. JACC Clin. Electrophysiol. 2018, 4, 1377-1378. [CrossRef] [PubMed]

Zhan, Y.; Sun, X.; Li, B; Cai, H,; Xu, C; Liang, Q.; Lu, C; Qian, R.; Chen, S.; Yin, L.; et al. Establishment of a PRKAG2 cardiac
syndrome disease model and mechanism study using human induced pluripotent stem cells. J. Mol. Cell Cardiol. 2018, 117, 49-61.
[CrossRef] [PubMed]

Sternick, E.B.; Pena, J.L.B.; Nascimento Santos, P.P.; Yavari, A. Split P waves: Marker of extreme interatrial delay. Europace 2018,
20, 603. [CrossRef] [PubMed]

Banankhah, P,; Fishbein, G.A.; Dota, A.; Ardehali, R. Cardiac manifestations of PRKAG2 mutation. BMC Med. Genet. 2018, 19, 1.
[CrossRef] [PubMed] [PubMed Central]

Mendes de Almeida, R.; Tavares, J.; Martins, S.; Carvalho, T.; Enguita, E]J.; Brito, D.; Carmo-Fonseca, M.; Lopes, L.R. Whole gene
sequencing identifies deep-intronic variants with potential functional impact in patients with hypertrophic cardiomyopathy.
PLoS ONE 2017, 12, €0182946. [CrossRef] [PubMed] [PubMed Central]

Xu, Y,; Gray, A.; Hardie, D.G.; Uzun, A.; Shaw, S.; Padbury, J.; Phornphutkul, C.; Tseng, Y.T. A novel, de novo mutation in the
PRKAG2 gene: Infantile-onset phenotype and the signaling pathway involved. Am. J. Physiol. Heart Circ. Physiol. 2017, 313,
H283-H292. [CrossRef] [PubMed] [PubMed Central]

Zhao, Y; Feng, Y.; Ding, X,; Dong, S.; Zhang, H.; Ding, J.; Xia, X. Identification of a novel hypertrophic cardiomyopathy-associated
mutation using targeted next-generation sequencing. Int. . Mol. Med. 2017, 40, 121-129. [CrossRef] [PubMed] [PubMed Central]
Back Sternick, E.; de Almeida Aradjo, S.; Ribeiro da Silva Camargos, E.; Brasileiro Filho, G. Atrial Pathology Findings in a Patient
With PRKAG2 Cardiomyopathy and Persistent Atrial Fibrillation. Circ. Arrhythm. Electrophysiol. 2016, 9, €004455. [CrossRef]
[PubMed]

Austin, S.L.; Chiou, A; Sun, B.; Case, L.E.; Govendrageloo, K.; Hansen, P; Kishnani, P.S. Alglucosidase alfa enzyme replacement
therapy as a therapeutic approach for a patient presenting with a PRKAG2 mutation. Mol. Genet. Metab. 2017, 120, 96-100.
[CrossRef] [PubMed]

Yogasundaram, H.; Paterson, L.D.; Graham, M.; Sergi, C.; Oudit, G.Y. Glycogen Storage Disease Because of a PRKAG2 Mutation
Causing Severe Biventricular Hypertrophy and High-Grade Atrio-Ventricular Block. Circ. Heart Fail. 2016, 9, e003367. [CrossRef]
[PubMed]

Zhao, Y.; Cao, H.; Song, Y.; Feng, Y.; Ding, X.; Pang, M.; Zhang, Y.; Zhang, H.; Ding, J.; Xia, X. Identification of novel mutations
including a double mutation in patients with inherited cardiomyopathy by a targeted sequencing approach using the Ion Torrent
PGM system. Int. . Mol. Med. 2016, 37, 1511-1520. [CrossRef] [PubMed] [PubMed Central]

Miillertz, K.M.; Jensen, H.K. Variable primary phenotypic manifestations in a rare familial form of Wolff-Parkinson-White
syndrome and hypertrophic cardiomyopathy. Europace 2016, 18, 397. [CrossRef] [PubMed]

Aggarwal, V.; Dobrolet, N.; Fishberger, S.; Zablah, J.; Jayakar, P.; Ammous, Z. PRKAG2 mutation: An easily missed cardiac specific
non-lysosomal glycogenosis. Ann. Pediatr. Cardiol. 2015, 8, 153-156. [CrossRef] [PubMed] [PubMed Central]

Sternick, E.B.; de Almeida Araujo, S.; Rocha, C.; Gollob, M. Myocardial infarction in a teenager. Eur. Heart J. 2014, 35, 1558.
[CrossRef]

Scheffold, T.; Waldmtiller, S.; Borisov, K. A case of familial hypertrophic cardiomyopathy emphasizes the importance of parallel
screening of multiple disease genes. Clin. Res. Cardiol. 2011, 100, 627-628. [CrossRef] [PubMed]

Sternick, E.B.; Oliva, A.; Gerken, L.M.; Magalhaes, L.; Scarpelli, R.; Correia, ES.; Rego, S.; Santana, O.; Brugada, R.; Wellens, H.J.
Clinical, electrocardiographic, and electrophysiologic characteristics of patients with a fasciculoventricular pathway: The role of
PRKAG?2? mutation. Heart Rhythm. 2011, 8, 58-64. [CrossRef]

Kelly, B.P; Russell, M.W.; Hennessy, ].R.; Ensing, G.J. Severe hypertrophic cardiomyopathy in an infant with a novel PRKAG2 gene
mutation: Potential differences between infantile and adult onset presentation. Pediatr. Cardiol. 2009, 30, 1176-1179. [CrossRef]
[PubMed]

Van Belle, Y.; Michels, M.; Jordaens, L. Focal AF-ablation after pulmonary vein isolation in a patient with hypertrophic cardiomy-
opathy using cryothermal energy. Pacing Clin. Electrophysiol. 2008, 31, 1358-1361. [CrossRef] [PubMed]


https://doi.org/10.1161/CIRCGEN.119.002748
https://www.ncbi.nlm.nih.gov/pubmed/32150461
https://doi.org/10.1002/mgg3.855
https://www.ncbi.nlm.nih.gov/pubmed/31347270
https://www.ncbi.nlm.nih.gov/pmc/PMC6732270
https://doi.org/10.3390/jcm8040463
https://www.ncbi.nlm.nih.gov/pubmed/30959811
https://www.ncbi.nlm.nih.gov/pmc/PMC6518201
https://doi.org/10.1002/ehf2.12420
https://www.ncbi.nlm.nih.gov/pubmed/30775854
https://www.ncbi.nlm.nih.gov/pmc/PMC6437444
https://doi.org/10.1016/j.jacep.2018.05.021
https://www.ncbi.nlm.nih.gov/pubmed/30336887
https://doi.org/10.1016/j.yjmcc.2018.02.007
https://www.ncbi.nlm.nih.gov/pubmed/29452156
https://doi.org/10.1093/europace/euy020
https://www.ncbi.nlm.nih.gov/pubmed/29444221
https://doi.org/10.1186/s12881-017-0512-6
https://www.ncbi.nlm.nih.gov/pubmed/29298659
https://www.ncbi.nlm.nih.gov/pmc/PMC5751825
https://doi.org/10.1371/journal.pone.0182946
https://www.ncbi.nlm.nih.gov/pubmed/28797094
https://www.ncbi.nlm.nih.gov/pmc/PMC5552324
https://doi.org/10.1152/ajpheart.00813.2016
https://www.ncbi.nlm.nih.gov/pubmed/28550180
https://www.ncbi.nlm.nih.gov/pmc/PMC5582920
https://doi.org/10.3892/ijmm.2017.2986
https://www.ncbi.nlm.nih.gov/pubmed/28498465
https://www.ncbi.nlm.nih.gov/pmc/PMC5466385
https://doi.org/10.1161/CIRCEP.116.004455
https://www.ncbi.nlm.nih.gov/pubmed/27864312
https://doi.org/10.1016/j.ymgme.2016.09.006
https://www.ncbi.nlm.nih.gov/pubmed/27692944
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003367
https://www.ncbi.nlm.nih.gov/pubmed/27496753
https://doi.org/10.3892/ijmm.2016.2565
https://www.ncbi.nlm.nih.gov/pubmed/27082122
https://www.ncbi.nlm.nih.gov/pmc/PMC4867886
https://doi.org/10.1093/europace/euv221
https://www.ncbi.nlm.nih.gov/pubmed/26333379
https://doi.org/10.4103/0974-2069.154149
https://www.ncbi.nlm.nih.gov/pubmed/26085771
https://www.ncbi.nlm.nih.gov/pmc/PMC4453188
https://doi.org/10.1093/eurheartj/ehu015
https://doi.org/10.1007/s00392-011-0306-3
https://www.ncbi.nlm.nih.gov/pubmed/21409595
https://doi.org/10.1016/j.hrthm.2010.09.081
https://doi.org/10.1007/s00246-009-9521-3
https://www.ncbi.nlm.nih.gov/pubmed/19787389
https://doi.org/10.1111/j.1540-8159.2008.01192.x
https://www.ncbi.nlm.nih.gov/pubmed/18811822

Int. J. Mol. Sci. 2024, 25,9171 20 of 21

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Morita, H.; Rehm, H.L.; Menesses, A.; McDonough, B.; Roberts, A.E.; Kucherlapati, R.; Towbin, J.A.; Seidman, J.G.; Seidman, C.E.
Shared genetic causes of cardiac hypertrophy in children and adults. N. Engl. |. Med. 2008, 358, 1899-1908. [CrossRef] [PubMed]
[PubMed Central]

Akman, H.O.; Sampayo, ].N.; A Ross, E; Scott, . W.; Wilson, G.; Benson, L.; Bruno, C.; Shanske, S.; Hardie, D.G.; DiMauro, S. Fatal
infantile cardiac glycogenosis with phosphorylase kinase deficiency and a mutation in the y2-subunit of AMP-activated protein
kinase. Pediatr. Res. 2007, 62, 499-504. [CrossRef]

Sternick, E.B.; Oliva, A.; MagalhAEs, L.P; Gerken, L.M.; Hong, K,; Santana, O.; Brugada, P.; Brugada, J.; Brugada, R. Familial
pseudo-Wolff-Parkinson-White syndrome. J. Cardiovasc. Electrophysiol. 2006, 7, 724-732. [CrossRef]

Laforét, P.; Richard, P; Said, M.A.; Romero, N.B.; Lacene, E.; Leroy, ].P.; Baussan, C.; Hogrel, ].Y.; Lavergne, T.; Wahbi, K,;
et al. A new mutation in PRKAG2 gene causing hypertrophic cardiomyopathy with conduction system disease and muscular
glycogenosis. Neuromuscul. Disord. 2006, 16, 178-182. [CrossRef] [PubMed]

Hardie, D.G.; Carling, D. The AMP-activated protein kinase-fuel gauge of the mammalian cell? Eur. J. Biochem. 1997, 246, 259-273.
[CrossRef]

Arad, M.; Benson, D.W,; Perez-Atayde, A.R.; McKenna, W.J.; Sparks, E.A.; Kanter, R.J.; McGarry, K.; Seidman, J.G.; Seidman, C.E.
Constitutively active AMP kinase mutations cause glycogen storage disease mimicking hypertrophic cardiomyopathy. J. Clin.
Investig. 2002, 109, 357-362. [CrossRef] [PubMed] [PubMed Central]

Hawley, S.A.; Ross, F.A.; Chevtzoff, C.; Green, K.A,; Evans, A.; Fogarty, S.; Towler, M.C.; Brown, L.J.; Ogunbayo, O.A.; Evans,
AM.; et al. Use of cells expressing gamma subunit variants to identify diverse mechanisms of AMPK activation. Cell Metab. 2010,
11, 554-565. [CrossRef]

Arad, M.; Moskowitz, LP; Patel, V.V.; Ahmad, F.; Perez-Atayde, A.R.; Sawyer, D.B.; Walter, M.; Li, G.H.; Burgon, P.G.; Maguire,
C.T,; et al. Transgenic mice overexpressing mutant PRKAG?2 define the cause of Wolff-Parkinson-White syndrome in glycogen
storage cardiomyopathy. Circulation 2003, 107, 2850-2856. [CrossRef] [PubMed]

Sidhu, J.S.; Rajawat, Y.S.; Rami, T.G.; Gollob, M.H.; Wang, Z.; Yuan, R.; Marian, A.; DeMayo, FJ.; Weilbacher, D.; Taffet, G.E.; et al.
Transgenic mouse model of ventricular preexcitation and atrioventricular reentrant tachycardia induced by an AMP-activated
protein kinase loss-of-function mutation responsible for Wolff-Parkinson-White syndrome. Circulation 2005, 111, 21-29. [CrossRef]
Davies, J.K.; Wells, D.J.; Liu, K.; Whitrow, H.R.; Daniel, T.D.; Grignani, R.; Lygate, C.A.; Schneider, ].E.; Noél, G.; Watkins, H.;
et al. Characterization of the role of gamma2 R531G mutation in AMP-activated protein kinase in cardiac hypertrophy and
Wolff-Parkinson-White syndrome. Am. J. Physiol. Heart Circ. Physiol. 2006, 290, H1942-H1951. [CrossRef] [PubMed]

Gollob, M.H. Glycogen storage disease as a unifying mechanism of disease in the PRKAG?2 cardiac syndrome. Biochem. Soc. Trans.
2003, 31, 228-231. [CrossRef] [PubMed]

Scott, ].W.; Hawley, S.A.; Green, K.A.; Anis, M.; Stewart, G.; Scullion, G.A.; Norman, D.G.; Hardie, D.G. CBS domains form
energy-sensing modules whose binding of adenosine ligands is disrupted by disease mutations. J. Clin. Investig. 2004, 113,
274-284. [CrossRef]

Kim, M.; Hunter, R W.; Garcia-Menendez, L.; Gong, G.; Yang, Y.-Y.; Kolwicz, S.C., Jr.; Xu, J.; Sakamoto, K.; Wang, W.; Tian, R.
Mutation in the y2-Subunit of AMP-activated protein kinase stimulates cardiomyocyte proliferation and hypertrophy independent
of glycogen storage. Circ. Res. 2014, 114, 966-975. [CrossRef]

Banerjee, S.K.; McGaffin, K.R.; Huang, X.N.; Ahmad, F. Activation of cardiac hypertrophic signaling pathways in a transgenic
mouse with the human PRKAG2 Thr400Asn mutation. Biochim. Biophys. Acta 2010, 1802, 284-291. [CrossRef]

Oliveira, S.M.; Zhang, Y.H.; Solis, R.S.; Isackson, H.; Bellahcene, M.; Yavari, A.; Pinter, K.; Davies, ].K.; Ge, Y.; Ashrafian, H.; et al.
AMP-activated protein kinase phosphorylates cardiac troponin I and alters contractility of murine ventricular myocytes. Circ. Res.
2012, 110, 1192-1201. [CrossRef] [PubMed]

Nagata, D.; Hirata, Y. The role of AMP-activated protein kinase in the cardiovascular system. Hypertens. Res. 2010, 33, 22-28.
[CrossRef]

Roberts, ].D.; Veinot, ].P.; Rutberg, J.; Gollob, M.H. Inherited cardiomyopathies mimicking arrhythmogenic right ventricular
cardiomyo-pathy. Cardiovasc. Pathol. 2010, 19, 316-320. [CrossRef]

Patel, V.V.; Arad, M.; Moskowitz, I.P.; Maguire, C.T.; Branco, D.; Seidman, J.G.; Seidman, C.E.; Berul, C.I. Electrophysiologic
characterization and postnatal development of ventricular pre-excitation in a mouse model of cardiac hypertrophy and Wolff-
Parkinson-White syndrome. J. Am. Coll. Cardiol. 2003, 42, 942-951. [CrossRef]

Wolf, CM.; Arad, M.; Ahmad, F; Sanbe, A.; Bernstein, S.A.; Toka, O.; Konno, T.; Morley, G.; Robbins, ].; Seidman, ].G.; et al.
Reversibility of PRKAG2 glycogen-storage cardiomyopathy and electrophysiological manifestations. Circulation 2008, 117,
144-154. [CrossRef]

Tan, H.L.; van der Wal, A.C.; Campian, M.E; Kruyswijk, H.H.; Jansen, B.T.H.; van Doorn, D.-J.; Oskam, H.].; Becker, A.E.; Wilde,
A.A. Nodoventricular accessory pathways in PRKAG2-dependent familial preexcitation syndrome reveal a disorder in cardiac
development. Circ. Arrhythm. Electrophysiol 2008, 1, 276-281. [CrossRef] [PubMed]

Light, PE.; Wallace, C.H.; Dyck, J.R. Constitutively active adenosine monophosphate-activated protein kinase regulates voltage-
gated sodium channels in ventricular myocytes. Circulation 2003, 107, 1962-1965. [CrossRef] [PubMed]

Light, PE. Familial Wolff-Parkinson-White syndrome: A disease of glycogen storage or ion channel dysfunction? J. Cardiovasc.
Electrophysiol. 2006, 17, 5158-S161. [CrossRef]


https://doi.org/10.1056/NEJMoa075463
https://www.ncbi.nlm.nih.gov/pubmed/18403758
https://www.ncbi.nlm.nih.gov/pmc/PMC2752150
https://doi.org/10.1203/PDR.0b013e3181462b86
https://doi.org/10.1111/j.1540-8167.2006.00485.x
https://doi.org/10.1016/j.nmd.2005.12.004
https://www.ncbi.nlm.nih.gov/pubmed/16487706
https://doi.org/10.1111/j.1432-1033.1997.00259.x
https://doi.org/10.1172/JCI0214571
https://www.ncbi.nlm.nih.gov/pubmed/11827995
https://www.ncbi.nlm.nih.gov/pmc/PMC150860
https://doi.org/10.1016/j.cmet.2010.04.001
https://doi.org/10.1161/01.CIR.0000075270.13497.2B
https://www.ncbi.nlm.nih.gov/pubmed/12782567
https://doi.org/10.1161/01.CIR.0000151291.32974.D5
https://doi.org/10.1152/ajpheart.01020.2005
https://www.ncbi.nlm.nih.gov/pubmed/16339829
https://doi.org/10.1042/bst0310228
https://www.ncbi.nlm.nih.gov/pubmed/12546691
https://doi.org/10.1172/JCI19874
https://doi.org/10.1161/CIRCRESAHA.114.302364
https://doi.org/10.1016/j.bbadis.2009.12.001
https://doi.org/10.1161/CIRCRESAHA.111.259952
https://www.ncbi.nlm.nih.gov/pubmed/22456184
https://doi.org/10.1038/hr.2009.187
https://doi.org/10.1016/j.carpath.2009.06.003
https://doi.org/10.1016/S0735-1097(03)00850-7
https://doi.org/10.1161/CIRCULATIONAHA.107.726752
https://doi.org/10.1161/CIRCEP.108.782862
https://www.ncbi.nlm.nih.gov/pubmed/19808419
https://doi.org/10.1161/01.CIR.0000069269.60167.02
https://www.ncbi.nlm.nih.gov/pubmed/12682004
https://doi.org/10.1111/j.1540-8167.2006.00399.x

Int. J. Mol. Sci. 2024, 25,9171 21 of 21

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Fabris, E.; Brun, F; Porto, A.G.; Losurdo, P,; Vitali Serdoz, L.; Zecchin, M.; Severini, G.M.; Mestroni, L.; Di Chiara, A.; Sinagra, G.
Cardiac hypertrophy, accessory pathway, and conduction system disease in an adolescent: The PRKAG2 cardiac syndrome. J. Am.
Coll. Cardiol. 2013, 62, e17. [CrossRef]

Pena, J.L.B.; Santos, W.C.; Siqueira, M.H.A.; Sampaio, I.H.; Moura, I.C.G.; Sternick, E.B. Glycogen storage cardiomyopathy
(PRKAG?2): Diagnostic findings of standard and advanced echocardiography techniques. Eur. Heart ]. Cardiovasc. Imaging 2021, 22,
800-807. [CrossRef] [PubMed]

Elliott, P.; Andersson, B.; Arbustini, E.; Bilinska, Z.; Cecchi, F; Charron, P.; Dubourg, O.; Kiihl, U.; Maisch, B.; McKenna, W.J.;
et al. Classification of the cardiomyopathies: A position statement from the european society of cardiology working group on
myocardial and pericardial diseases. Eur. Heart J. 2007, 29, 270-276. [CrossRef]

Sinkar, K.; Bachani, N.; Bagchi, A.; Jadwani, J.; Panicker, G.K.; Bansal, R.; Mahajan, A.; Lokhandwala, Y. Is the right ventricular
function affected by permanent pacemaker? Pacing Clin. Electrophysiol. 2021, 44, 929-935. [CrossRef] [PubMed]

Lorenzini, M.; Anastasiou, Z.; O’'Mahony, C.; Guttman, O.P,; Gimeno, J.R.; Monserrat, L.; Anastasakis, A.; Rapezzi, C.; Biagini, E.;
Garcia-Pavia, P; et al. Mortality among referral patients with hypertrophic cardiomyopathy vs the general European population.
JAMA Cardiol. 2020, 5, 73-80. [CrossRef]

Charron, P.; Genest, M.; Richard, P.; Komajda, M.; Pochmalicki, G. A familial form of conduction defect related to a mutation in
the PRKAG2 gene. Europace 2007, 9, 597-600. [CrossRef]

Mehdirad, A.A.; Fatkin, D.; DiMarco, ].P.; MacRae, C.A.; Wase, A.; Seidman, J.G.; Seidman, C.E.; Benson, D.W. Electrophysiologic
characteristics of accessory atrioventricular connections in an inherited form of Wolff-Parkinson-White syndrome. . Cardiovasc.
Electrophysiol. 1999, 10, 629-635. [CrossRef]

Zhang, L.P; Hui, B.; Gao, B.R. High risk of sudden death associated with a PRKAG2-related familial Wolff-Parkinson-White
syndrome. |. Electrocardiol. 2011, 44, 483-486. [CrossRef]

Lacalzada-Almeida, J.; Garcia-Niebla, J.; Izquierdo-Gémez, M.M.; Baranchuk, A.; Bayés de Luna, A. About split P waves. Europace
2019, 21, 177. [CrossRef] [PubMed]

Yuan, W.-Z; Shang, L.; Tian, D.-S.; Wu, S.-W.; You, Y,; Tian, C.-L.; Wu, B.; Liu, J.; Sun, Q.-J.; Liu, Q.; et al. Monogenic basis of
young-onset cryptogenic stroke: A multicenter study. Ann. Transl. Med. 2022, 10, 512. [CrossRef] [PubMed]

Fang, T.; Wang, ].; Kang, Y.; Yang, F.; Xu, Y.; Wan, K,; Sun, ].; Han, Y.; Chen, Y. The Value of Cardiac Magnetic Resonance Imaging
in Identification of Rare Diseases Mimicking Hypertrophic Cardiomyopathy. J. Clin. Med. 2021, 10, 3339. [CrossRef] [PubMed]
[PubMed Central]

Moroni, A.; Tondi, L.; Milani, V.,; Pieroni, M.; Pieruzzi, F,; Bevilacqua, F.; Pasqualin, G.; Chow, K; Pica, S.; Lombardi, M.; et al. Left
atrial remodeling in hypertrophic cardiomyopathy and Fabry disease: A CMR-based head-to-head comparison and outcome
analysis. Int. . Cardiol. 2023, 393, 131357. [CrossRef] [PubMed]

Camporeale, A.; Diano, A.; Tondi, L.; Pica, S.; Pasqualin, G.; Ciabatti, M.; Graziani, F.; Pieroni, M.; Lombardi, M. Cardiac Magnetic
Resonance Features of Fabry Disease: From Early Diagnosis to Prognostic Stratification. Rev. Cardiovasc. Med. 2022, 23, 177.
[CrossRef]

Camporeale, A.; Bandera, F.; Pieroni, M.; Pieruzzi, F; Spada, M.; Bersano, A.; Econimo, L.; Lanzillo, C.; Rubino, M.; Mignani,
R.; et al. Effect of Migalastat on cArdiac InvOlvement in FabRry DiseAse: MAIORA study. |. Med. Genet. 2023, 60, 850-858.
[CrossRef] [PubMed]

Meyers, D.E.; Basha, H.I.; Koenig, M.K. Mitochondrial cardiomyopathy: Pathophysiology, diagnosis, and management. Tex. Heart
Inst. ]. 2013, 40, 385-394. [PubMed] [PubMed Central]

Lopez-Sainz, A Salazar-Mendiguchia, J.; Garcia-Alvarez, A.; Larrea, O.C.; Lopez-Garrido, M.A.; Garcia-Guereta, L.; Cafiamero,
M.E.F; Paya, V.C.; Pena-Pefia, M.L.; Zorio-Grima, E.; et al. Clinical findings and prognosis of Danon disease. An analysis of the
Spanish Multicenter Danon Registry. Rev. Esp. Cardiol. 2019, 72, 479-486. [CrossRef]

Grasso, M.; Bondavalli, D.; Vilardo, V.; Cavaliere, C.; Gatti, I.; Di Toro, A.; Giuliani, L.; Urtis, M.; Ferrari, M.; Cattadori, B.; et al.
The new 2023 ESC guidelines for the management of cardiomyopathies: A guiding path for cardiologist decisions. Eur. Heart J.
Suppl. 2024, 26 (Suppl. S1), i1-i5. [CrossRef] [PubMed] [PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jacc.2013.02.099
https://doi.org/10.1093/ehjci/jeaa176
https://www.ncbi.nlm.nih.gov/pubmed/32747946
https://doi.org/10.1093/eurheartj/ehm342
https://doi.org/10.1111/pace.14240
https://www.ncbi.nlm.nih.gov/pubmed/33826174
https://doi.org/10.1001/jamacardio.2019.4534
https://doi.org/10.1093/europace/eum071
https://doi.org/10.1111/j.1540-8167.1999.tb00239.x
https://doi.org/10.1016/j.jelectrocard.2010.02.009
https://doi.org/10.1093/europace/euy072
https://www.ncbi.nlm.nih.gov/pubmed/29905801
https://doi.org/10.21037/atm-21-3843
https://www.ncbi.nlm.nih.gov/pubmed/35928749
https://doi.org/10.3390/jcm10153339
https://www.ncbi.nlm.nih.gov/pubmed/34362124
https://www.ncbi.nlm.nih.gov/pmc/PMC8348460
https://doi.org/10.1016/j.ijcard.2023.131357
https://www.ncbi.nlm.nih.gov/pubmed/37696360
https://doi.org/10.31083/j.rcm2305177
https://doi.org/10.1136/jmg-2022-108768
https://www.ncbi.nlm.nih.gov/pubmed/36669872
https://www.ncbi.nlm.nih.gov/pubmed/24082366
https://www.ncbi.nlm.nih.gov/pmc/PMC3783139
https://doi.org/10.1016/j.recesp.2018.04.027
https://doi.org/10.1093/eurheartjsupp/suae002
https://www.ncbi.nlm.nih.gov/pubmed/38867869
https://www.ncbi.nlm.nih.gov/pmc/PMC11167974

	Introduction 
	Case Report 
	Case Presentation 
	Results and Discussion 

	PRKAG2 Syndrome Literature Review 
	History and Genetics 
	Pathophysiology 
	Clinical Features 
	Cardiac Magnetic Resonance Findings 
	Differential Diagnosis 
	Clinical Management and Treatment 

	Materials and Methods 
	References

