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Abstract

Aims This study aimed to identify a novel splicing-altering LAMPZ2 variant associated with Danon disease.

Methods and results To identify the potential genetic mutation in a Chinese pedigree, whole-exome sequencing was con-
ducted in the proband, and Sanger sequencing was performed on the proband’s parents. To verify the impact of the
splice-site variant, a minigene splicing assay was applied. The AlphaFold2 analysis was used to analyse the mutant protein struc-
ture. A splice-site variant (NM_013995.2:¢c.864+5G>A) located at intron 6 of the LAMP2 gene was identified as a potential path-
ogenic variant. The minigene splicing revealed that this variant causes exon 6 to be skipped, resulting in a truncated protein. The
AlphaFold2 analysis showed that the mutation caused a protein twist direction change, leading to conformational abnormality.
Conclusions A novel splice-site variant (NM_013995.2:¢.864+5G>A) located at intron 6 of the LAMP2 gene was identified.
This discovery may enlarge the LAMPZ2 variant spectrum, promote accurate genetic counselling, and contribute to the diagno-

sis of Danon disease.
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Introduction

Danon disease is an X-linked lysosome-associated membrane
protein gene (LAMP2) disease.*™ The primary clinical mani-
festations of this disease are hypertrophic cardiomyopathy,
skeletal myopathy, and intellectual disability, which tend to
be less severe in females.*> Danon disease is most commonly
observed among young males, typically under the age of 20,
and often results in mortality prior to age 30.*°

The LAMPZ2 gene is situated on the human X chromosome
(Xg24) and contains 10 exons.”® The LAMP2 gene encodes
the LAMP2 protein, which consists of 410 amino acids. The
LAMP2 protein is a type 1 membrane protein that predomi-
nantly locates in the lysosomal compartment. Its structure
includes a heavily glycosylated large luminal domain, a trans-
membrane region, and a short carboxy-terminal cytoplasmic
tail.” Mutation in the LAMP2 gene mutation leads to the defi-
ciency of all three LAMP-2 isoforms (LAMP-2a, LAMP-2b, and
LAMP-2c), with isoform-specific mutations being found only
in LAMP-2b.> LAMP-2b deficiency results in lysosomal storage
disorder and glycogen accumulation in lysosomes, leading to

multiorgan damage, especially in the heart and skeletal
muscle.*

The diagnosis of Danon disease depends on genetic diagno-
sis, but not all pathogenic genes of Danon disease have been
fully screened.*® In this article, we identified a case of Danon
disease characterized by hypertrophic cardiomyopathy with
ventricular pre-excitation. The gene analysis revealed a muta-
tion of intron 6 (c.864+5G>A), resulting in splicing over exon 6
(123 bp) and a truncated protein by 41 amino acids. The
AlphaFold2 analysis of LAMP2 predicts that the mutant causes
protein twists direction change, leading to its conformational
abnormality. This discovery contributes to the expansion of
the LAMPZ2 variant spectrum of Danon disease.

Methods

The peripheral blood samples of the proband and his rela-
tives were immediately sent for examination following the
draw. From these samples, DNA will be extracted using a
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Qiagen DNA Blood Midi/Mini kit (Qiagen GmbH, Hilden,
Germany). The resulting genomic DNA was processed and in-
tegrated into the experimental system (Integrated DNA
Technologies, San Diego, USA) to create a sequencing library.
Library sequencing was performed on the Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA, USA). The data
obtained were analysed using the mutation site detection
system NovaSeq 6000 platform (lllumina, San Diego, USA)
and the variation site annotation interpretation system
(enliven, Berry Genomics, Beijing, China).

Sanger sequencing

The identified pathogenic mutations and low coverage
regions identified in this study were confirmed by Sanger se-
quencing, utilizing the forward primer TTGGTAGAGTGTAA
GGCTTTGCT and the reverse primer TGAGGGATGAACAGGG
ATGAAT on a sequencer. Once validated in the patient, the
potential pathogenic mutations were also examined in his
parents by Sanger sequencing. This methodological approach
ensured the accurate identification and confirmation of the
pathogenic mutations and provided valuable information
for further study.

Single nucleotide variations analysis

The analysis of single nucleotide variations (SNVs) was
conducted using the SNV workflow (Verita Trekker, Berry
Genomics) on the targeted sequencing data. To validate any
of the potential pathogenic SNVs, we utilized quantitative
real-time PCR analysis of gDNA.

Minigene assays

A pair of minigene plasmids (wild type and mutant) was de-
signed for the LAMP2 gene mutation (NM_013995.2:c.864
+5G>A). The minigene regions spanning LAMP2 exon 6 with
partial intron 5-7 were amplified from the wild-type and mu-
tant gDNA, using the following specific primer pair: wild-type
forward primer (5'-AAGCTTGGTACCGAGCTCGGATCCAGTTCCT
GTGTGATAAAGACAAAACTTC-3') with the restriction site
BamHI and wild-type primer reverse (5'-ATAATTTCAGTAGT
TGCTTCTGAGAAGGTGGAAATAAAG-3') with the restriction
site Xhol, and mutant primer forward (5-GAAGCAACTACT
GAAATTATTAGAATGACTGGCTGATCA-3') with the restriction
site BamHI and mutant reverse primer (5-TTAAACGGGCCCT
TAGACTCGCGGAGCCATTAACCAAATACATGCTGAT-3') with
the restriction site Xhol. By using ClonExpress Il One Step
Cloning Kit (Vazyme, Nanjing, China), the amplified products
were cloned into the pMini-CopGFP vector (Beijing Hitrobio
Biotechnology Co., Ltd.).

The human embryonic kidney (HEK-293) cell lines were cul-
tured in Dulbecco’s modified Eagle’s medium (Thermo Fisher,
CA, USA) supplemented with 10% foetal bovine serum from
PAN-biotech Germany. The cells were cultured at 37°C with
5% carbon dioxide (CO,) in a humidified incubator. To per-
form the cell transfection, Lipofectamine™ 2000 Transfection
Reagent (Thermo Fisher) was utilized, following the protocol
of the manufacturer.

RNA extraction, cDNA synthesis, and splice-site
analysis

HEK-293 cells were transfected in triplicate, and the total RNA
was extracted with TRIzol reagent (CoWin Biotech, China) 48 h
later. Reverse transcription polymerase chain reaction (RT-
PCR) was performed with a pair of primers: MiniRT-F
(5'-GGCTAACTAGAGAACCCACTGCTTA-3') and MiniRT-R (5'-
CGGAGCCATTAACCAAATACATGC-3'). The resulting PCR
products were visualized through electrophoresis on a 2% aga-
rose gel and confirmed by Sanger sequencing (Tsingke
Biotechnology Co., Ltd.).

Protein structural modelling

To investigate the consequence of the identified mutation, the
protein structural modelling source code for the AlphaFold2
model, trained weights, and inference script were available
under an open-source licence using the AlphaFold2 protein
structure database and figures were prepared with PyMOL.

Results
Clinical phenotypes

A 14-year-old adolescent was hospitalized due to the sudden
onset of palpitations that occurred 20 days prior to admission.
The patient experienced paroxysmal palpitations and brief dis-
comfort at rest, which rapidly subsided. After exercise, the pa-
tient experienced several breathing difficulties that resolved
after several minutes of rest. The patient did not experience
accompanying symptoms, such as chest tightness, chest pain,
headache, dizziness, or syncope. The patient demonstrated
normal cognitive and physical development and exhibited nor-
mal bilateral muscle strength during the physical examination.
Additionally, the patient’s family history of coronary heart
disease was limited to the patient’s grandfather.

Laboratory examinations indicated elevated levels of car-
diac troponin T (cTnT; 100 pg/mL, normal <14 pg/mL), crea-
tine kinase (CK; 702.6 U/L, normal 50.0-310.0 U/L), and
CK-MB (33.8 ng/mL, normal <25 ng/mL). In addition, liver
enzymes, such as aspartate aminotransferase (276.2 U/L, nor-
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mal 15-40 U/L) and alanine aminotransferase (ALT; 211.6 U/
L, normal 9-50 U/L), were increased. The electrocardiogram
(ECG) of the patient under observation was found to be sig-
nificant for a short PR interval (<120 ms) and an extended
QRS wave duration (176 ms). Notably, the QRS complex dis-
plays a downward main wave in lead V1 and an upward main
wave in leads V5 and V6. A comprehensive evaluation of the
ECG revealed a pattern of B-type pre-excitation syndrome.
Additionally, the ECG also revealed the presence of prema-
ture atrial contraction and left ventricular hypertrophy
(Figure 1A). The patient was followed up during 2021-23, and
ECGs are provided in the Supporting Information, Figure S1.

On 28th January 2021, colour Doppler echocardiography
was performed, which revealed the following measurements:
right atrium of 37 mm, right ventricle of 27 mm, interventric-
ular septum (IVS) of 26 mm, left ventricle of 24 mm, and left
atrium of 26 mm. The ejection fraction was 63%, indicating
right atrium enlargement, significant thickening of the IVS
and left ventricular posterior wall, and a bright band in the
left ventricle. False chordae tendineae were considered, and
the measured values for left ventricular function were within
normal range (Figure IC). Throughout the course of the pa-
tient’s ilness, there is a gradual decline in the functionality
of the heart (Table 1).

Figure 1 (A) The electrocardiogram (ECG) of the proband. The ECG of the proband revealed left ventricular hypertrophy and ventricular pre-excitation.
(B) The ECG of the proband’s mother. The ECG of the proband’s mother revealed premature ventricular contraction (PVC) and short PR. (C) The mag-
netic resonance imaging (MRI) of the proband. MRI revealed significant myocardial hypertrophy. Left ventricular short axis, unenhanced (a), enhanced
(d); horizontal long axis, unenhanced (b), enhanced (e); left ventricular long axis, unenhanced (c), enhanced (f). (D) The ultrasound colour Doppler of
the proband. Ultrasound colour Doppler indicating right atrium enlargement, significant thickening of the interventricular septum (IVS) and left ven-
tricular posterior wall, and a bright band in the left ventricle. IVS thickness was 26 mm. (E) The family tree of Danon disease. Male and female are
indicated by squares and circles. The black-filled symbol represents the clinically affected individual. The grey-filled symbol represents the phenotype

uncertain individual. The arrow shows the proband.
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Table 1 Echocardiogram of the patient during follow-up

18/1/2021 18/2/2021 29/6/2022 20/9/2022 21/3/2023 7/4/2023
LV (mm) 40 50 62 62 68 74
LA (mm) 26 33 31 32 36*40*58 36
RV (mm) 27 29 <42 35 42 42
RA (mm) 37 29 <90 32 42 42
IVS (mm) 26 9 26 22 24 16-24
EF 63% 64% 35% 32% 19% 24%
LVPWd (mm) 24 8 21 16 13 13

EF, ejection fraction; IVS, interventricular septum; LA, left atrium; LV, left ventricle; LVPWd, left ventricular posterior wall in diastole; RA,

right atrium; RV, right ventricle.

Cardiac magnetic resonance imaging revealed significant
myocardial hypertrophy (Table 2). The cardiac cine demon-
strated that the left ventricle size was not enlarged; however,
the walls of the left ventricle, the free wall of the right ventri-
cle, and the atrial septum displayed uneven thickness, partic-
ularly the IVS. Moreover, the left ventricular wall exhibited
impaired relaxation and contraction (Supporting Information,
Figure S2), whereas no obstruction signs were apparent in
the left ventricular outflow tract. Myocardial resting perfu-
sion imaging showed numerous patchy perfusion defects in
the left ventricular myocardium, as well as beneath the
intima of the anterior wall. Similarly, myocardial delayed en-
hancement imaging (late gadolinium enhancement) exhibited
multiple patchy and clustered delayed enhancements in all
walls of the left ventricle, with distinct manifestations on
the free wall and significant visibility under the intima and
within the myocardium (Figure 1D).

Initially, we arrived at a diagnosis of hypertrophic cardio-
myopathy for the patient and subsequently conducted a
comprehensive examination of his family history. In addition,
we performed ECG and colour Doppler echocardiography
screenings on his family members. Our study revealed that
the patient’s mother, aged 47, had a short PR interval of
108 ms on the ECG with no symptoms (Figure 1B), though
her echocardiography results indicated that her cardiac thick-
ness (IVS of 9 mm) was within a normal range. To further ver-
ify and elaborate the diagnosis, we strongly recommend that
both the patient and his relatives undergo genetic testing.

Table 2 The thickness of left ventricular myocardial segments in
magnetic resonance imaging

Segments

Basal Mid-cavity Apical
Anterior (mm) 15.4 16.8 12.3
Anteroseptal (mm) 35.1 32.2 14.3°
Anterolateral (mm) 229 27.1 10.7°
Inferior (mm) 23.7 16.9 8.2
Inferoseptal (mm) 23.3 37.4 /
Inferolateral (mm) 29.1 14.7 /

The hypertrophy of the left ventricle is evident, with a thickened in-
terventricular septum.
Septal.

Lateral.

Genetics analysis

After performing filtering and validating through Sanger se-
quencing, we have identified a pathogenic hemizygous 3’
splice-site mutation, c.864+5G>A, in the intron 6 of the
LAMP2 gene (Figure 2A), in accordance with the American
College of Medical Genetics and Genomics guidelines. We
were unable to locate any additional potential pathogenic
variants or SNVs that were associated with hypertrophic car-
diomyopathy or ion channelopathy in the coding regions or
the flanking regulatory regions. The mutation was also found
in his mother (heterozygous) but was not identified in his fa-
ther (Figure 2A).

The gene screening carried out on the patient revealed a
replacement mutation in the intron 6 of the LAMPZ2 gene,
which is predicted to affect gene splicing. This specific muta-
tion is not present in the normal population, and its clinical
significance remains unclear. Therefore, based on the pa-
tient’s clinical manifestation, familial history, and genetic
tests, we have diagnosed the patient with a c.864+5G>A mu-
tation in the intron 6 of the LAMP2 gene, which is associated
with Danon disease for the first time.

Splicing study by minigene analysis

We further investigated the impact of the identified 3’ splice-
site mutation (c.864+5G>A) in the LAMP2 gene by minigene
assays (Figure 2C). The results indicated that the mutation
disrupted the splice donor site (GA) within intron 6. We com-
pared the RT-PCR products of both the wild-type and mutant
mMRNA by electrophoresis, which showed that the mutant
cDNA (320 bp) was significantly smaller in size than the
wild-type cDNA (443 bp) (Figure 2B). By conducting Sanger
sequencing, we identified a 123 bp deletion of exon 6 in
the mutant cDNA (Figure 2D).

Protein structural modelling
The mutant sequence in the cDNA encodes a deletion of exon

6 in the mutant cDNA (Figure 2D), resulting in a truncated
LAMP2 protein with 369-amino-acid residues. Protein struc-
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Figure 2 Clinical and genetic characteristics of the pedigree. (A) Single nucleotide variations and Sanger sequencing of the proband and his parents. (B)
DNA electrophoresis of wild-type and mutation gene. MT, mutant type; WT, wild type. (C) The construction of the LAMP2-PETO1 minigene plasmid. (D)

Sanger sequencing of the plasmid.
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tural modelling results suggest that the mutation causes a
protein twists direction change, leading to the conforma-
tional change in PyMOL (Figure 3).

Discussion

In this study, the proband was diagnosed with Danon disease
determined through a combination of clinical examinations,
genetic testing, and functional experiments. Using
whole-exome sequencing and Sanger sequencing, the hetero-
zygous variant (c.864+5G>A) in the LAMPZ2 gene was identi-
fied in his mother. Following functional analysis and protein
structural modelling, we presented a novel splicing-altering
LAMP2 mutation, resulting in the manifestation of truncated
LAMP2 protein and Danon disease syndrome.

Based on the patient’s medical history and the results of the
ultrasound examination, the initial diagnosis is hypertrophic
cardiomyopathy. The possibility of myocardial amyloidosis
needs to be ruled out. The clinical manifestations of myocar-
dial amyloidosis include older age, low voltage on ECG, myo-

cardial hypertrophy on echocardiography, but no decrease in
ejection fraction. The observation of amyloid deposition on
myocardial biopsy is critical for the diagnosis of myocardial
amyloidosis.? However, in the case of our patient, the early
onset age, high ECG voltage, and decrease in ejection fraction
suggest that myocardial amyloidosis is unlikely.

Hypertrophic cardiomyopathy is primarily an autosomal
dominant inheritance disorder caused by mutations in the
gene that encodes the cardiac sarcomere protein. Among
the five most frequently occurring genetic variations include
myosin binding protein C3 (MYBPC3), -myosin heavy chain
(MYH?), cardiac troponin T type 2 (TNNT2), cardiac troponin
I type 3 (TNNI3), and a-alpha tropomyosin (TPM1).**> MYBPC3
mutation is the most common cause of hypertrophic cardio-
myopathy. These genetic mutations lead to the production
of dysfunctional proteins that are rapidly degraded and fail
to integrate into muscle filaments.**** In more than 90% of
hypertrophic cardiomyopathy cases related to MYBPC3 muta-
tions, pre-terminated codons are present and truncated pro-
teins are encoded. Furthermore, LAMP2 is a metabolic-
related gene that affects intracellular glucose metabolism.
Positive myocardial biopsy periodic acid-Schiff stain (PAS)

ESC Heart Failure 2023; 10: 2479-2486
DOI: 10.1002/ehf2.14417



2484

D. Fu et al.

Figure 3 Cartoon model of the LAMP protein structure (residues) by PyMOL. Blue, the wild-type LAMP2 protein; green, the mutant-type LAMP2

protein.

can help identify two types of gene mutations. Thus, we sug-
gested that the patient undergo myocardial biopsy, but the pa-
tient and their family refused. Future research could improve
myocardial biopsy techniques.

The LAMP2 mutation was identified in both the proband
(hemizygous) and his mother (heterozygous), but it was ab-
sent in his father. This suggests co-segregation in the pedigree.
Proband’s mother carried both a wild-type and a mutant allele
and displayed only premature ventricular contraction and
short PR interval on ECG without any symptom, consistent
with previously reported.>*® Minigene assays revealed that
the novel splice-site mutation caused the intron 6 splicing in
the mRNA (Figure 2C). To analyse the function of the new mu-
tant protein, we conducted the AlphaFold2 protein function
analysis. In the AlphaFold2 analysis, the mutation truncated
the LAMP2 protein to 369-amino-acid residues and caused a
protein twist direction change, which resulted in the confor-
mational change (Figure 3). Our research findings align with
previous studies conducted on Danon disease. Arad et al. re-
ported a family with a deletion of LAMPZ2 exon 6 that clinically
manifested as Danon disease.’’~2° Furthermore, the basic re-
search found that mice with a LAMPZ2 gene in-frame deletion
of exon 6 developed myocardial hypertrophy in 20 weeks.**
These findings indicate that exon 6 of the LAMP2 gene is the
key pathogenic gene responsible for Danon disease, which
points out guidance for future gene therapy. Our work further
illustrates structural differences between the mutant and
wild-type LAMP2 proteins (Figure 3). Previous research re-
vealed that exon 6 skipping causes loss of two glycosylation
sites and abolishes a loop structure by deleting Cys265, which
is thought to form a disulfide bond with Cys232, suggesting the
importance of exon 6 for LAMP2 function.?

The proband exhibits impaired liver function in addition to
both myopathy and cardiomyopathy. The pathogenesis of
these three organ dysfunctions involves glycogen accumula-

<3 Wild-type LAMP2

tion in cardiomyocytes, skeletal myocytes, and hepatocytes.
The LAMP2 gene mutation leads to lysosomal dysfunction,
hindering glycogen digestion and ultimately leading to in-
creased glycogen storage in both the cytoplasm and lyso-
some. Structural studies utilizing electron microscopy and
PAS glycogen staining have provided evidence for glycogen
accumulation within cardiomyocytes,** skeletal myocytes,
and hepatocytes®* characteristic of Danon disease. Addition-
ally, glycogen accumulation plays a role in cell growth
through the Hippo signalling pathway,* leading to cardiac hy-
pertrophy, skeletal muscle hypertrophy, and hepatomegaly.
Finally, glycogen storage within cells causes cellular damage,
evidenced by increased levels of myocardial enzymes, such
as cTnT, CK, and CK-MB, and liver enzymes, such as ALT, in
the blood (Figure 4).

To date, 408 LAMP2 gene mutant molecular consequences
have been reported in the ClinVar database, including 57
frameshifts, 174 missense, 38 nonsense, 28 splice sites, and
111 untranslated regions. The majority of these mutations
are pathogenic, with some causing symptoms of Danon dis-
ease. Our study reports a new splice-site mutation (c.864
+5G>A) in the LAMP2 gene. The mutation was not present
in the ClinVar database, Exome Aggregation Consortium data-
base, or Human Gene Mutation Database. As mentioned
above, 28 splice-site mutations in the LAMPZ2 gene are in-
cluded in the ClinVar database, and 7 of which are located in
exon 6 (c.864). These mutations include c.864+3_864+6del,%®
c.864+2T>C, c.864+1del, c.864+1G>A, c.864+1G>T,5 c.864
+1_864+4del’>”’ (not included in Clinvar), and c.864
+2A>G?® (not included in ClinVar). Among these, c.864
+1_864+4del,®® .864+3_864+6del,”® c.864+1del, c.864
+1G>T,° and ¢.864+2A>G*° are predicted to cause altered
splicing that leads to an abnormal or absent protein and have
been identified as Danon disease-associated mutant gene. The
clinical phenotypic spectrum of Danon disease is complex, and
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Figure 4 Pathways of glycogen storage in Danon disease. Glucose entry into cells and subsequent conversion into glucose-6-phosphate (G-6-P) facil-
itated by hexokinase, after which it is targeted for glycolysis or glycogen synthesis by glycogen synthase. Glycogen is stored in the cytoplasm as liver
glycogen and muscle glycogen and degraded through the cytoplasmic pathway and lysosomal pathway.
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In conclusion, our study identified a novel splicing-altering
variant in the LAMP2 gene as a pathogenic mutation of
Danon disease. Our findings enriched the pathogenic spec-
trum of the LAMP2 gene mutation for Danon disease.
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