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Abstract

Background: PRKAG?2 cardiac syndrome is a rare autosomal dominant genetic
disorder caused by a PRKAG2 gene variant. There are several major adverse
cardiac presentations, including hypertrophic cardiomyopathy (HCM) and life-
threatening arrhythmia. Two cases with pathogenic variants in the PRKAG2 gene
are reported here who presents different cardiac phenotypes.

Methods: Exome sequencing and variant analysis of PRKAG2 were performed to
obtain genetic data, and clinical characteristics were determined.

Results: The first proband was a 9-month-old female infant (Case 1), and was
identified with severe DCM and resistant heart failure. The second proband was
a 10-year-old female infant (Case 2), and presented with HCM and ventricular
preexcitation. Exome sequencing identified a de novo ¢.425C>T (p.T142I) het-
erozygous variant in the PRKAG2 gene for Case 1, and a c.869A > T (p.K290I) for
Case 2. The mutated sites in the protein were labeled and identified as p.K290
in the CBS domain and p.T142 in the non-CBS domain. Differences in the mo-
lecular functions of CBS and non-CBS domains have not been resolved, and vari-
ants might lead to the different cardiomyopathy phenotypes. Single-cell RNA
analysis demonstrated similar expression levels of PRKAG2 in cardiomyocytes
and conductive tissues. These results suggest that the arrhythmia induced by the
PRKAG2 variant was the primary change, and not secondary to cardiomyopathy.
Conclusion: In summary, this is the first case report to describe a DCM phe-
notype with early onset in patients possessing a PRKAG2 ¢.425C>T (p.T1421)
pathogenic variant. Our results aid in understanding the molecular function of
non-CBS variants in terms of the disordered sequence of transcripts. Moreover,
we used scRNA-seq to show that electrically conductive cells express a higher
level of PRKAG2 than do cardiomyocytes. Therefore, variants in PRKAG2 are ex-

pected to also alter the biological function of the conduction system.
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1 | INTRODUCTION

PRKAG?2 cardiac syndrome (PCS) is a rare autosomal
dominant genetic disorder caused by a PRKAG?2 gene vari-
ant (Banankhah et al., 2018; Bayrak et al., 2006). In 2001,
Gollob et al. confirmed that PRKAG2 variants have import-
ant implications for elucidating the pathogenesis of ven-
tricular preexcitation (Gollob, Green, et al., 2001; Gollob,
Seger, et al., 2001). The syndrome is caused by variants
in the gene encoding for 5’adenosine monophosphate-
activated protein kinase (AMPK), specifically its y2 regu-
latory subunit (PRKAG2) (Cao et al., 2017). AMPK disease
is characterized by progressive conduction disease and
cardiac hypertrophy, and hypertrophy cardiomyopathy is
the most common manifestation in PRKAG2 syndrome.
It includes extracardiac manifestations such as a skeletal
myopathy, consistent with systemic glycogen storage dis-
ease. The incidence of PCS is low, and since the clinical
manifestations are diverse, the misdiagnosis rate is rela-
tively high (Banankhah et al., 2018). PRKAG2 syndrome
is a progressive cardiomyopathy characterized by high
rates of atrial fibrillation, conduction disease, advanced
heart failure, and life-threatening arrhythmias (Beyzaei
et al.,, 2021; Coban-Akdemir et al., 2020; Jdidskeldinen
et al., 2019; Maron & Maron, 2020; Pena et al., 2021;
Spentzou et al., 2020; van der Steld et al., 2017). Dominant
variants of PRKAG2 seldom occur in sporadic cases but
appear to run in families. Variants recognized thus far in-
clude G100S, K290I, R302Q, V336L, S356P, R384T, H401D,
K485E, N4881, E506D, R531Q, and R531G. These variants
invariably cluster within the Bateman domain (defined as
the region containing cystathionine beta-synthase [CBS]
domains) of the PRKAG2 gene, while only G100S has
been reported as a non-CBS variant (Zhang et al., 2013).
The R302Q variant is the most common among the clini-
cal isolates.

In vivo and in vitro models of PRKAG?2 variants have
successfully demonstrated that PRKAG2-related cardio-
myopathy is a distinct type of glycogen storage disease,
involving primarily the heart. Consistent with a causative
role of PRKAG2, heterozygous mice carrying a mutant
PRKAG?2 allele develop pathological cardiac changes re-
sembling the human genetic disorder. Lopez-Sainz et al.
reported the largest cohort of cardiac glycogenosis with
PRKAG?2 variant (Lopez-Sainz et al., 2020). They identi-
fied that the classical features of preexcitation and se-
vere left ventricular hypertrophy were not uniformly
presented. And a high rate of sudden cardiac death had

AMPX signaling, case report, genomic sequence, PRKAG2 cardiac syndrome, SCRNA-seq

been observed among such patients. However, the roles of
PRKAG?2 variants in regulating AMPK activity are contro-
versial. Sidhu et al. (2005), and Scott et al. (2004) showed
that the p.R302Q and p.R531G variants reduce AMPK
activity, and Arad et al. (2003), and Banerjee et al. (2010)
both showed that T400N induces early activation of myo-
cardial AMPXK. Therefore, different variants in PRKAG2
are related to opposite changes in AMPK activity, leading
to diverse cardiac manifestations.

We report two cases with pathogenic variants of the
PRKAG?2 gene. The p.T1421 variant, located in the non-
CBS domain, was association with dilated cardiomyop-
athy (DCM), while p.K290I, located in the CBS domain,
predicted HCM. We also used single-cell RNA (scRNA)-
seq analysis to assess the expression of PRKAG2 in differ-
ent cardiac cell types. This is the first case report of DCM
resulting from a PRKAG?2 pathogenic variant. We provide
a literature summary and protein structure analysis to
help explain the diverse clinical presentations of PCS.

2 | METHODS

2.1 | Ethics compliance

The study was approved by the Ethics Committee of the
West China Second Hospital of Sichuan University (ap-
proval number 2014-034). The patients' parents provided
written informed consent to performing exome sequenc-
ing and to publication of this report.

2.2 | DNA extraction and exome
sequencing analysis

Peripheral blood samples were obtained from the pa-
tients in an EDTA anticoagulant blood sample tube stored
at 4°C for less than 6 h. DNA was extracted using the
Blood Genome Column Medium Extraction Kit (Tiangen
Biotech, Beijing, China) in accordance with the manu-
facturer's instructions. Protein-coding exome enrich-
ment was performed using the xGen Exome Research
Panel v.1.0, comprising protein-coding regions (>23,000
genes) of the human genome. Exome sequencing was per-
formed using the NovaSeq 6000 platform (Illumina, San
Diego, CA, USA), and the raw data were processed using
FastP to remove adapters and filter out low-quality reads.
Paired-end reads were aligned to the ENSEMBL GRCh38/
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hg38 reference genome using the Burrows-Wheeler
Aligner. Variant annotation was performed in accordance
with database-sourced minor allele frequencies (MAFs)
and practical guidelines on pathogenicity issued by the
American College of Medical Genetics. The annotation of
MAFs was performed based on the 1000 Genomes, dbSNP,
ESP, EXAC, Provean, Sift, Polypen2_hdiv, Polypen2_hvar,
and Chigene in-house MAF databases using R software (R
Foundation for Statistical Computing, Vienna, Austria).
The sequencing data have been deposited in the GSA da-
tabase (http://ngdc.cncb.ac.cn/gsub/) (HRA001920).

2.3 | Single-cell RNA-sequencing
analysis

The public scRNA-seq dataset for the heart was used to
evaluate expression of PRKAG2 in all cell types, with
emphasis on the conduction system and cardiomyocytes
(CMs). All scRNA-seq raw data have been deposited
into the National Center for Biotechnology Information
(NCBI)/GEO database under accession number GEO:
GSE132658 (Goodyer et al., 2019). Embryonic day 16.5
(E16.5) wild-type CD1 mouse hearts were harvested,
and three regions were microdissected based on ana-
tomical landmarks: Zone I—the sinoatrial node (SAN)
region (superior vena cava/right atrial junction), Zone
II—the atrioventricular node (AVN)/His region (crux
of the heart), and Zone III—the bundle branch (BB)/
Purkinje fiber (PF) region (luminal side of the ventricles).
Droplet platform data were de-multiplexed and mapped
to the mouse genome MM10 using CellRanger from 10x
Genomics with default parameters. Cell filter, data nor-
malization, and unsupervised analysis were carried out in
Seurat version 2 per their recommended steps. CMs iso-
lated from Zone I were treated as atrial CMs and those
isolated from Zone III were treated as ventricular CMs.
Cells in the conduction system of Zone I were separated
into compact SAN (cSAN, Hcn4"®"/Gja5"%/Gjc1™) cells
and transitional cells (TC, Hend™™¢/Gja5"/Gjc1™) types;
while cells from Zone II were separated into His bundle
(His, Hcn4"/TBX3"/Kenel™/Gje1™/Gja5"/Etv1*/Scn5a™/
Cacna2d2"), Atrial Transitional Zone (ATZ, Myh6hi/
Gjc1t/Gjas™/Cacna2d2™), Transitional AV Ring (TAVR,
Kcnel*/Gjc1*/Gjal"/Scan5a™), Nodal Atrioventricular
Ring (NAVR, TBX3*/Kcnel™/Gjc1*/Cacna2d2*), compact
AVN (CAVN, Hcnd"/TBX3"/Kcenel™/Gje1™/Cacna2d2™),
and Ventricular Transitional Zone (VTZ, Myl2"/Myh7"/
Kcenel"'/Gje1*/Gja*) types; and cells from Zone II were
separated into Transitional PF (TP, Gjal"/Gjc1*/Scn5a™/
Etv1"/Sema3a*/Nkx2.5") and Standard Immature PF (PF,
Hcn4™/Gjas"/Gje1*/Sensa™/Etv1™/Sema3a™/Nkx2.57)

types.
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3 | RESULTS

3.1 | Clinical presentation and outcomes

3.1.1 | Casel

The proband was a 9-month-old female infant who was
admitted to hospital due to an enlarged heart and heart
failure for 1 month (Figure 1a). This patient exhibited
shortness of breath and reduction of milk intake. Cyanosis
was also occasionally observed, and the child suffered res-
piratory infection 1 month before onset of cardiac symp-
toms. Physical examination revealed increased heart rate
(134 times per minute), elevated breathing rate (45 times
per minute), and lower blood pressure (78/39 mm Hg). In
addition, a pale face, dull heart sound, irregular rhythm,
and second-degree systolic bruits in the fourth intercos-
tal space were observed. Results of physical examination
of the respiratory and nervous systems were negative.
Echocardiography revealed heart failure (EF = 21%,
FS = 10%), and left ventricle enlargement (LV = 49 mm),
left atrium enlargement (LA = 21 mm), normal right
atrium and ventricle (RV = 9mm, RA = 20mm), moder-
ate thickness of the endocardium at the posterior wall of
the LV (3mm), and moderate tricuspid and mitral valve
regurgitation (Figure 1b). Routine ECG showed sinus
tachycardia, abnormality of the left atrium, left ventricular
hypertrophy, right ventricular hypertrophy, and changes
in the ST-T segment (II, III, aVF, V4-V5). Holter ECG
demonstrated recurrent ventricular premature beats (167
times/24 h) (Figure 1c). Cardiac MRI revealed an enlarge-
ment of the entire heart, but mainly in the left ventricle,
in which there was significantly reduced systolic function
(EF = 14%). Mitral regurgitation and pericardial effusion
were also found.

Blood gas analysis indicated reduced BE-Ecf (base
excess in the extracellular fluid) of —4.6 (normal range
[NR] —3.0-3.8 mmol/L) and increased lactase concentra-
tion (5.10, NR 0.7-3.0mmol/L). Significantly increased
levels of cTnlI (0.254pg/L, NR <0.034 ug/L) and NT-BNP
(19,200.00pg/ml, NR <300pg/ml) indicated myocar-
dial damage. Creatine kinase (CK) and myoglobin (Mb)
were elevated (148 U/L [NR 30-120U/L] and 153.00 pg/L
[(NR < 61.5 pug/L], respectively). In addition, abnormal thy-
roid function was assessed by TSH 4.72 mIU/L (NR 1.70-
9.10 mIU/L), FT3 8.55pmol/L (NR 4.3-10.6 pmol/L), FT4
24.54pmol/L (NR 14.00-23.00 pmol/L), TGAb 78.0 U/ml
(NR < 60U/ml), and TPOAD 242.1 U/ml (NR < 60U/ml).
The results of routine blood tests and tests for rheumatic
factor, autoimmune antibodies, antistreptolysin O, and
CCP-IgG were negative at admission.

DCM or myocarditis with heart failure was suspected.
Methylprednisolone (10 mg/kg per day for 7days),
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FIGURE 1 PRKAG2 variants in the two families. (a) Family pedigree revealing no carrier of PRKAG2 ¢.425C >T (p.T142I). The current
proband (Case 1) exhibited severe DCM with a de novo heterozygous variant of PRKAG2 ¢.425C > T. (b) Echocardiography of the current
proband, showing severe dilation of left ventricle. (c) ECG of the proband (c.425C > T), showing frequent ventricular pre-mature beats. (d)
Family pedigree revealing no carrier of PRKAG2 c.869A > T (p.K290I). The current proband (Case 2) exhibited severe HCM with de novo

heterozygous variant of PRKAG2 c.869A > T. (e) Echocardiography in the current proband, showing a severe hypertrophy of left ventricle. (f)

ECG of the proband (c.869A > T), showing ventricular preexcitation

immunoglobulin (500 mg/kg per day for 4days), and di-
goxin (6 pg/kg per day) were prescribed in addition to other
treatments. Recovery from heart failure occurred and the
patient was discharged. During follow-up, frequent ven-
tricular pre-mature beats were detected, whereupon the
patient received oral administration of prednisone (5 mg/
day) for 1 year. Cardiac MRI revealed no evidence of

fibrosis, at which point the diagnosis of myocarditis was
questioned. Therefore, exome sequencing was performed
and a pathogenic PRKAG2 variant at ¢.425C > T was iden-
tified. No other cardiomyopathy-related pathogenic or un-
certain variants had been identified, especially for other
DCM-related genes. Long-term digoxin and captopril
were then prescribed. During 4 years of follow-up, her left
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ventricle remained large (41-50mm), and EF remained at
about 35-45%.

3.1.2 | Case?2

This proband was a 10-year-old female infant, who was ad-
mitted to hospital suffering from fatigue, chest tightness,
and fainting (Figure 1d). She experienced significant chest
pain and palpitations shortly before syncope, with a de-
crease in tolerance of daily activities. A pale face, dull heart
sound, and third-degree systolic murmur in the fourth in-
tercostal space were observed. Results of physical examina-
tion of the respiratory and nervous systems were negative.
Echocardiography showed that the size of each ventricle
was normal, and asymmetric hypertrophy was identified
in the interventricular septum (IVS, 26 mm) and left ven-
tricular posterior wall (LVPW 13mm, IVS/LVPW = 0.5).
Left ventricular outflow tract anterior blood flow was ac-
celerated (PG = 30mm Hg), indicating a narrow outflow
tract due to hypertrophy, while the heart retained nor-
mal function (EF = 55%), which led to a diagnosis of hy-
pertrophic obstructive cardiomyopathy (Figure 1le). Her
cardiac MRI presented enlargement of the heart and in-
creased thickness of the IVS and free wall of the left ventri-
cle. The ventricular septum was obvious, with maximum
thickness at the end of diastole of about 44 mm, and LVEF
was normal at 66.4%. Moderate obstruction of the left ven-
tricle was recorded. The cardiac MRI calculated stroke vol-
ume was 104.4 ml for the left ventricle and 70.8 ml for the
right ventricle. In addition, Holter ECG examination re-
vealed significant ventricular preexcitation and symptoms
of Wolff-Parkinson-White (WPW) syndrome with a delta
wave and shortened PR interval (Figure 1f).

These myocardial injuries resulted in significantly in-
creased levels of c¢TnlI (3.413pg/L, NR<0.034pg/L) and
NT-BNP (4704.00pg/ml, NR <300pg/ml), while CK
and Mb were normal at 103U/L (NR 30-120U/L) and
32.00pg/L (NR<61.5 pg/L). In addition, thyroid function
and biochemical tests were normal. The results of routine
blood tests and tests for autoimmune antibodies, rheumatic
factor, antistreptolysin O, and CCP-IgG were negative at ad-
mission. All the tests for viral pathogens were negative. As
there were no symptom of heart failure or cardiac enlarge-
ment, and ECG did not present any transduction blocks
and escaping arrhythmias, myocarditis had been excluded.

Exome sequencing analysis demonstrated a heterozy-
gous pathogenic variant of the PRKAG2 gene at c.869A > T.
No other cardiomyopathy-related pathogenic or uncertain
variants had been identified. Finally, PRKAG2 syndrome
was diagnosed from manifestations of HCM and ventric-
ular preexcitation, upon which oral trimetazidine and co-
enzyme Q10 were prescribed. The patient then underwent
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radiofrequency ablation to terminate left ventricular
outflow obstruction. During follow-up after the ablation
procedure, she still suffered chest pain and shortness of
breath during daily activity. She subsequently developed
recurrent respiratory tract infections and died of infection
with irreversible heart failure approximately half a month
after the ablation procedure.

3.2 | Molecular results
Based on clinical manifestations and laboratory analyses,
genetic disorders were strongly suspected. Exome sequenc-
ing was performed using the Illumina NovaSeq 6000 plat-
form, which identified de novo heterozygous variants in
the PRKAG2 gene at ¢.425C>T (p.T142I) for Case 1 and
c.869A >T (p.K290I) for Case 2. These variants were ab-
sent from the patients’ mothers and fathers. According to
the American College of Medical Genetics, these variants
have uncertain pathogenicity for both variant sites. The
c.425C>T variant has not been reported in any publica-
tion and c.869A >T has never been reported in any popu-
lation, and so this is the first report of these two variants
(Figure 1e). MutationTaster, a tool to predict the effects
of DNA variants, revealed that this variant is considered
disease-causing due to amino acid sequence changes,
changes in protein structure, and splice-site changes (prob-
ability = 0.995 for c.425C>T and 0.999 for c.869A>T).
The PolyPhen-2 tool predicted damage to protein struc-
ture and function for p.T142I (score: 0.998) and p.K290I
(score: 1.000). The SIFT score demonstrated protein func-
tional damage with rating of 0.001 for p.T142I and 0.000 for
p-K290I. These results are summarized in Figure 2d.
AlphaFold2 was used to predict the protein structure of
PRKAG?2 using the AF-Q9UGJ0-F1 template with the en-
tire AA sequence of isoform a. The mutated sequence site
of the protein was labeled (Figure 2a), which revealed that
p-K290 is located in the CBS domain and p.T142 in the
non-CBS domain. All potential templates were searched,
but only parts of the protein had been analyzed previously,
so the AlphaFold-predicted structure was the only model
that could be used. Although the predicted protein in-
cluded the entire amino acid sequence, only CBS domains
were solved with high confidence in the crystal structure
(pLDDT > 70). Furthermore, PRKAG2 could be spliced into
isoform b, which only contained the four CBS domains.
The SWISS-MODEL tool was then used to predict the
crystal structures of isoform b (AA 258-557) (Figure 2b).
Stable structures of the four CBS domains were solved
(the AA for the four CBS domains were 275-335, 357-415,
430-492, and 504-562, respectively; Figure 2c). The CBS
domain is most likely involved in regulating signaling of
AMPK, an energy-sensor protein kinase that plays a key
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(@) Protein structure of PRKAG2 isoform a
by AlphaFold
Template AF-Q9UGJ0-F1

(b) !
Protein structure of PRKAG2 isoform b

by SWISS-Model \
Template 6¢9f.1.C (AA 258-557) |
¢BS domain 1 AA 275-335 \

(©) cBS domain 2 CBS domain 3
AA 357-415 AA 430-492

éig S

CBS domain 4
AA 504-562

-

(d)
Known variant reports of PRKAG2 ¢.425C>T
Database 1000G ExAC
Homozygous(C/C) 0 0
Heterozygous (C/T) 0 9 PRKAG2
Allele _carriers 0 9 _ p. K290l
MutationTester Score: 0.999 (Disease causing) (e) Py

PolyPhen-2 Score: 0.998 (Damaging)
SFIT Score: 0.001 (Damaging)

Known variant reports of PRKAG2 c.869A>T

Database 1000G ExAC
Homozygous(C/C) 0 0
Heterozygous (C/T) 0 0
Allele carriers 0 0

MutationTester Score:  0.999 (Disease causing)
PolyPhen-2 Score: 1.000 (Damaging)
SFIT Score: 0.000 (Damaging)

FIGURE 2 The effects of PRKAG2 c.425C> T and c.869A > T variants on the molecular structure of the protein. (a) the AlphaFold
protein structure database was used to predict the PRKAG2 wild-type protein crystal structure. Four important CBS domains were revealed
and were clearly involved in AMPK signal transduction. (b) Protein structure of PRKAG?2 isoform b (transcript-b exon5-exon16). This region
contains four CBS domains with two tandem pairs. (c) Individual crystal structures of CBS domains not involved in the variant reported in
this study. (d) The prevalence of PRKAG2 variants of ¢.425C > T and c.869A > T. (e¢) SWISS-MODEL prediction of the wild-type and p.K290I-
variant protein crystal structures. Changes of structure are indicated in the transporter region
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role in regulating cellular energy metabolism. A compari-
son model was established to demonstrate changes in pro-
tein structure based on the p.K290I variant, which showed
several alternate sites in the crystal structure (Figure 2e).

We then reviewed all reported variants in PRKAG2
(Table 1, Figure 3a), almost all of which were located in the
CBS domains (isoform b). Reported clinical manifestations
included HCM, ventricular preexcitation, bundle branch
blocks, atrioventricular blocks (second and third degree),
and sudden cardiac death. Although all patients received
pacemakers or ICD implantation, unexpected deaths still
occurred. Even though some patients exhibited bradycar-
dia at the fetal stage, and a PRKAG2 variant was identified
after birth, most were subjected to exome sequencing only
after syncope or cardiac arrest. However, only two studies
(14 cases) reported a non-CBS domain variant, p.G100S,
and that cohort also demonstrated HCM, ventricular pre-
excitation and AVBs. We report a pair of cases with one
variant located in the CBS domain accompanied by the
classic PRKAG2 syndrome manifestations of HCM, ven-
tricular preexcitation and sudden cardiac death, and an-
other variant identified in the non-CBS domain that was
associated with an unusual DCM phenotype and frequent
premature ventricular beats. These results require further
evaluation of the function of the non-CBS domain, which
is characterized by a disordered structure.

3.3 | ScRNA-seq analysis of PRKAG2
expression in the heart

PRKAG?2 is involved in energy metabolism in heart tis-
sue, which would affect glycogen storage. Moreover, the
PRKAG?2 variants affected both CMs and the conduction
system, leading to hypertrophy or dilation cardiomyopa-
thies and several types of conduction disorders, including
pre-exciting, bundle branch blocks, or AVBs. Therefore, it is
important to understand expression of PRKAG2 among all
kinds of cell types in the heart. Using the GSE132658 data-
set, we isolated atrial CMs, ventricular CMs, and 10 kinds
of conductive cells from SAN, AVN, and PF clusters (Figure
4b,c), and PRKAG?2 expression was then measured in the
12 cell types. Similar expression levels of PRKAG2 were ob-
served in CMs and the conduction system. This result illus-
trated the mechanisms of PRKAG2 variants, which affected
both CM hemostasis and conduction system function.

4 | DISCUSSION AND
CONCLUSION

This study demonstrated two clinical cases having
PRKAG2 genetic variants, c.524c > T in one and c.869A > T

Open Access,

in the other. Both of them suffered severe adverse cardiac
clinical manifestations, and onset of cardiac symptoms at
a very young age. However, these two cases were charac-
terized by totally different clinical manifestations, as Case
1 presented DCM with frequent ventricular pre-mature
beats, and Case 2 presented severe HCM with ventricu-
lar preexcitation, similar to other reported cases. We at-
tempted to explore potential mechanisms affecting these
cardiac phenotypes.

After reviewing all the published cases of PRKAG2, a
case series of 175 patients was assembled and is summa-
rized in Table 1. Among them, 172 cases presented with
cardiomyopathy, and 174 with arrhythmias. All 172 cases
were diagnosed as HCM or LVH according to echocar-
diography or cardiac MRI. Furthermore, 137 of the 174
patients with arrhythmias exhibited ventricular preexci-
tation. Such patients present a poor prognosis with a high
rate of disorder in the conductive system at a young age,
leading to ventricular preexcitation and high degree AVB,
resistant heart failure, and severe hypertrophy of the left
ventricle that induces obstruction of the outflow tract
(Coban-Akdemir et al., 2020; Jadskeldinen et al., 2019;
Mo et al., 2019; Spentzou et al., 2020; Zhan et al., 2018).
Moreover, syncope and sudden cardiac death have been
observed in PRKAG2-mutant patients, which constitute
the dominate causes of lethality for PCS.

PRKAG?2 encodes the AMPK y2 subunit, regulating
the function and activity of AMPK signaling in energy
homeostasis. This gene has been associated with sev-
eral transcripts and protein isoforms (Xie et al., 2016).
Generally, there are two major transcripts: PRKAG2-a, a
full-length transcript from 16 exons, encoding isoform a
(569 AAs), and PRKAG2-b, a truncated transcript from
12 exons, encoding isoform b (311 AAs). Both isoforms
contain four identical consecutive CBS domains, a char-
acteristic structure of the AMPK y2 subunit, and two
pairs of CBS domains located in tandem to form Bateman
domains. The disruption of CBS domains would cause
the impair enzymatic activity of AMPK. The impair-
ment of AMPK would alter the expression of PGC-1a,
results in upregulation of gluconeogenesis by damag-
ing mitochondrial biogenesis. So that, the variants of
PRKAG?2 in CBS domains would enhance the activity of
AMPK which lead to mitochondrial oxidative metabo-
lism, impaired glycolysis, increased glycogen synthase.
Thus, the glycogen storage and related hypertrophic
cardiomyocytes could be observed. The damaged mito-
chondrial function was associated with hyper-activation
of CaMKII by accumulation of reactive oxygen species
(ROS) to generate abnormal calcium handling (Liu
et al., 2022; Liu et al., 2021; Qi et al., 2022). So that, the
variants of PRKAG2 were associated with cardiomyop-
athy and arrhythmia. A study from John et al., revealed
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FIGURE 3 Using single-cell RNA-seq data (GSE132658), PRKAG2 was identified as being expressed both in CMs and conduction
system cells. (a) Summary of current reports on individuals with PRKAG2 variants. (b) Cluster cell numbers and t-distributed stochastic
neighbor embedding (tSNE) plot for zone I, II, and III cells. (c) The isolated markers of conduction system-related cells and the location of
zone I, IT, and III cells in the heart. (d) ViolinPlots of PRKAG2 expression in specific cell types in the heart

that the four CBS domains in the y2 subunit of AMPK
form two allosteric binding sites for AMP and ATP. And
variants within exons 5-16 could affect the activity of

the tandem pairs of CBS domains and impair the en-
ergy sensor function of PRKAG2. Until now, more than
10 variants of PRKAG2 have been reported, including
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G100S, R302Q, V336L, S356P, R384T, H401D, K485E,
N4881, E506D, R531Q, and R531G. Except for G100S, all
the AA variants share common clinical presentations—
ventricular preexcitation (or AVBs) and left ventricular
hypertrophy (LVH)—and all could affect the activity of
AMPK through its CBS domains (Hinson et al., 2016).
Our report and analysis of Case 2 (K290I variant) also
revealed a similar phenotype with ventricular preex-
citation and LVH. And a sudden death occurred even
after an ablation procedure to attenuate obstruction of
the left ventricular outflow tract. Therefore, the CBS do-
mains related to variants in PRKAG?2 predict a stable car-
diac presentation as LVH and arrhythmias, mainly for
ventricular preexcitation. However, a well-established
molecular function of the non-CBS domain, which is
encoded by exons 1-4 and only exists in isoform a (full
length transcript), is lacking. Only one disease-causing
variant, G100S (14 cases), has been reported in the non-
CBS domain (Austin et al., 2017; Zhang et al., 2013),
revealing an important molecular function of the dis-
ordered non-CBS sequence in maintaining normal
functioning of PRKAG2. The study of Zhang et al.
demonstrated that G100S in the non-CBS domains has
a similar but lesser effect than R302Q in the CBS do-
mains (Zhang et al., 2013). This suggests that the mech-
anism by which G100S regulates AMPK activity via its
non-CBS domain may be consistent with that of R302Q
in the CBS domains. The present study showed that
non-CBS variants lead to a decrease in AMPK activity
and reduction of metabolic status and glycogen accu-
mulation, which results in HCM. Furthermore, Scott
et al. confirmed that the variant R302Q causes loss of
enzymatic activity and revealed the mechanism to be re-
duced AMP binding (Scott et al., 2004). In vivo studies
by Sidhu et al. showed that enzymatic activity of AMPK
is significantly reduced, presumably owing to the vari-
ant disrupting the AMP binding site, and excessive car-
diac glycogen is observed in the TG-R302Q heart (Sidhu
et al., 2005). Further in vivo studies by Davies et al. pro-
posed that the R531G variant in the y2 subunit leads to
suppression of total cardiac AMPK activity secondary
to increased glycogen accumulation in transgenic mice
(Davies et al., 2006).

However, in our Case 1, the T142I variant is a non-CBS
variant that manifests as a rare DCM in PCS. This is the
first case report to demonstrate a DCM patient related to
a PRKAG?2 variant. We used MutationTester, PolyPhen-2,
and SFIT to predict the impact of this variant on protein
structure and function, showing that T1421 is a diseasing-
causing and protein-damaging variant. As there is no
definitive crystal structure model for the full-length iso-
form a, which contains the disordered sequence, we used
AlphaFold with the AF-Q9UGIJ0-F1 template to predict

a structural model of the PRKAG2-a protein. The T142
site is predicted to be located in a fold loop, and therefore
may affect the formation of PRKAG2 transcripts. As the
MutationTester tool predicted that the c.425C>T vari-
ant would affect its splicing site, T142 may induce RNA
splicing to generate transcript-b. More transcript-b would
in turn lead to more translation of tandem pairs of CBS
domains and increased activity of AMPK. Activation of
AMPK had been observed in two previous studies of the
N488I variant early in the disease. Thus, we suspected
T1421 might induce a change opposite to that of other
variants, leading to DCM. Due to the non-CBS sequence
being disordered, variants within this region might have
variable effects on AMPK activity and lead to disparate re-
ports in the literature.

Unlike HCM, individuals with PCS usually exhibit dis-
orders in the heart's electrical conduction system, which
require implantation of a pacemaker or ICD. So the ques-
tion arises as to whether combined cardiac conduction
disease is secondary to HCM or primary to a PRKAG2
variant. Taking advantage of scRNA-seq, we assessed ex-
pression of specific genes in various cell types. Thus, we
performed a re-analysis of scRNA-seq (GSE132658), and
all conduction system-related cells in the SAN cluster,
AVN cluster and PF cluster were isolated, as well as atrial
and ventricular CMs. After normalization, we found there
was no significant difference of PRKAG2 expression be-
tween the conduction system cells and CMs. However,
HCM is thought to be associated with disruption of sarco-
meres or the cytoskeleton in CMs induced by variants in
MYH?7, TNNT2, MYBPC3 etc., which are mainly expressed
in CMs. Therefore, the data from the scRNA-seq analysis
demonstrated a difference between PCS and typical HCM,
and that conductive tissue diseases should be treated as a
basis for PCS.

In summary, this is the first case report to underline
a DCM phenotype in early-onset PCS patients with a
PRKAG2 c425C>T (p.T142I) pathogenic variant. These
results increase understanding of the molecular effects of
non-CBS domain variants, and suggest an explanation for
controversial results concerning the role of the disordered
sequence of transcript-a (full-length PRKAG?2). Moreover,
we used scRNA-seq to show that conductive cells ex-
press a higher level of PRKAG2 than do CMs. Variants in
PRKAG?2 also alter the function of the conduction system.
PCS-related arrhythmia should therefore be recognized as
a primary disorder, not secondary to hypertrophy.
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