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Abstract: The clinical manifestations of Danon disease, which result from the primary deficiency of the lysosome-associated membrane
protein 2 gene, include cardiomyopathy, skeletal myopathy, and different degrees of intellectual disability that vary greatly among patients.
The present study reports on two cases of Danon disease in two patients who only presented cardiac symptoms. Cardiac symptoms usually
occur in adolescence and during a patient’s twenties, and most patients die from heart failure. However, the lab results from these cases
suggested that other systems were involved, despite no other clinical symptoms. Significantly, the two patients had elevated serum cardiac
troponin I, which often manifests in the acute cardiac phase, especially in severely affected patients with rapidly fatal outcomes. Danon
disease is a multi-system involvement disease. Therefore, clinicians must be aware of its complexity when evaluating newly diagnosed
patients due to its vastly different clinical course and prognosis and the importance of multidisciplinary management.
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Introduction

Danon disease is an X-chromosome-linked dominant disorder caused by mutations in the lysosome-associated membrane
protein 2 (LAMP2) gene.' The typical symptoms are cardiomyopathy, skeletal myopathy, and intellectual disability.? Other
less prevalent manifestations include retinal, hepatic, and pulmonary diseases.> There is prominent cardiac involvement in
patients with Danon disease, and almost all patients have the manifestation of cardiomyopathy, which can sometimes be the
only manifestation of Danon disease. Male present earlier than female and have a higher morbidity rate. Male predominantly
express the hypertrophic cardiomyopathy (HCM) phenotype, while female are seen to express the HCM or dilated cardio-
myopathy (DCM) phenotypes equally.* Symptoms can vary, from being asymptomatic for several years to sudden cardiac
death.” This paper analyses the case studies of two patients presenting only cardiac symptoms but where tests indicated that
other systems were involved. The final diagnosis was based on the genetic analysis of the LAMP2 gene. The disease is rare and
lacks specificity in clinical manifestations, and patients are often seen in different departments (pediatrics, neurology,
cardiology), which leads to diagnostic difficulties and missed diagnoses. Therefore, this paper discusses management
strategies that may provide options for any practicing cardiologists who may encounter this diagnosis. This study was
conducted with approval from the Ethics Committee of Beijing Anzhen Hospital. This study was conducted in accordance
with the declaration of Helsinki. Written informed consent was obtained from all participants.

Case Studies

Patient |
A twenty-one-year-old Asian male presented with palpitations for 7 months in Beijing Anzhen Hospital. An electro-
cardiogram showed atrial fibrillation (AF) and a pre-excitation pattern (Figure 1). Echocardiography and magnetic
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Figure | The electrocardiogram of patient | showed atrial fibrillation and pre-excitation pattern (The absence of variability of the pre-excited QRS complex in the setting of
atrial fibrillation is highly suggestive of a fasciculoventricular pathway).

resonance imaging (MRI) of the heart showed extensive symmetrical hypertrophy of the left ventricle and interven-
tricular septum. The left ventricle ejection fraction (LVEF) displayed in the echocardiography and MRI was 34% and
14.3%, respectively. In the MRI, subendocardial lamella mixed with high signals could be seen in the anterior septum,
the anterior and posterior wall of the left ventricle from basal segment to central segment, and the lateral wall from basal
segment to apical segment. A patchy midmyocardial delayed enhancement was observed in the MRI, reflecting the
development of myocardial fibrosis (Figure 2). No skeletal muscle strength or mental abnormalities were found, and no
family history was elicited. However, blood test results showed increased serum enzyme levels of transaminase, creatase,
and cardiac troponin I (cTnl), which remained elevated at follow-up (Table 1). Biopsy specimens were taken from the
patient’s left bicep, and the results of muscle pathology were as follows: (1) hematoxylin and eosin staining showed there
were vacuoles in the muscle fibers, and some vacuoles had basophilic granular material deposition; (2) nestin staining
indicated there were dark granular stains in the muscle fibers; (3) desmin staining revealed there were desmin-positive
substances in the muscle fibers; and (4) periodic acid—Schiff staining showed glycogen and glycoprotein deposits. The
pathological diagnosis was glycogen storage disease or desminopathy (Figure 3). The genetic analysis detected
a pathogenic heterozygous mutation (c.973delC) in the LAMP2 gene, which confirmed a diagnosis of Danon disease.
However, the patient’s parents’ genetic tests showed no abnormalities (Figure 4).

The hemizygous ¢.973delC (GRCh37:ChrX:119575705) mutation in the LAMP2 gene (NM_002294.2) has not been
reported as a disease-causing mutation or as a benign polymorphism. The ¢.973delC mutation causes a shift in the
reading frame, beginning with leucine codon 325, changing it to tryptophan, and creating a premature stop codon at
position 21 of the new reading frame (p.Leu325TrpfsX21). It is expected to result in an abnormal, truncated protein or an

Figure 2 (A) A 2I-year-old male patient’s two-chamber PSIR image shows LGE located at the sub-epicardium. (B and C) Same patient’s short-axis and four-chamber PSIR
image show LGE located at the sub-epicardium of lateral wall, mid-myocardium of septal wall.
Abbreviations: PSIR, Phase-Sensitive Inversion-Recovery Image; LGE, Late Gadolinium Enhancement.
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Table | Clinical Blood Tests

Laboratory Test Patient | Patient Il Normal Range
ALT (U/L) 457 151 9-60

AST (U/L) 609 254 1545

LDH (U/L) 1586 914 140-271

CK (U/L) 1287 629 38-174

MBB (ng/mL) 17.4 79 0.6-6.3

Tnl (ng/mL) 0.13 3.06 0-0.04

Age 21 24

Notes: An elevated total creatine kinase level indicates skeletal myopathy. Liver function tests (AST, ALT) are elevated, which
is typical in Danon disease.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; CK, creatine
kinase; CK-MB, Creatine kinase isoenzyme; Tnl, Troponin |.

absence of protein from this allele due to nonsense-mediated messenger RNA decay. Loss-of-function variants in
LAMP2 are known to be pathogenic (PubMed ID [PMID]: 21415759). The c¢.973delC mutation is assumed to be de
novo in this case, and is absent from controls in the Exome Sequencing Project, the 1000 Genomes Project, and the
Exome Aggregation Consortium. Based on this evidence, this mutation has been classified as pathogenic according to the
American College of Medical Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP) 2015
guidelines.®

Patient 2

Patient 2 was a 24-year-old male presenting with a distinctly different clinical course and initial manifestation to Patient
1. The patient was initially referred to a local hospital due to an unexplained elevation of transaminase 9 years ago, 2
years before being referred to the Heart Failure Center, Beijing Anzhen Hospital of Capital Medical University. Dyspnea
and weakness followed the admission. Clinical examinations revealed hepatomegaly with obvious edema. The patient

Figure 3 (A) HE staining showed there were vacuoles in muscle fibers, and some vacuoles had basophilic granular material deposition. (B) NES staining indicated there were
granular dark stains in the muscle fibers. (C) Desmin staining revealed there were desmin positive substances in the muscle fibers. (D) PAS staining showed glycogen and
glycoprotein were deposition. The pathological diagnosis was glycogen storage disease or desminopathy.

Abbreviations: NES staining, Nestin Staining; PAS staining, Periodic Acid-Schiff staining.
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reported severe fatigue during physical activity. The laboratory results were similar to those of Patient 1 (Table 1). The
echocardiographic examination revealed right ventricular hypertrophy (interventricular septum, 13 mm; right ventricle
wall, 11 mm) and dilated heart (left atrium, 41x37 x 58 mm; right atrium, 46 x 56mm; right ventricle, 50 mm; left
ventricle at end-diastole, 57 mm). The LVEF was 23%. In the MRI, most of the walls of the left ventricle and the
anteroseptal, anterior, and lateral walls of the right ventricle were observed with delayed enhancement, which reflected
myocardial fibrosis (Figure 5). For the sequence analysis, DNA was extracted from the blood. A hemizygous nonsense
mutation (c.35C>A) was identified in the LAMP2 gene of the patient (Figure 4). Only the relatives on the mother’s side
of the family. The patient’s mother died of DCM in her 40s, and their grandfather died at 36 in unexplained
circumstances. Nevertheless, no genetic testing was performed. The ¢.35C>A mutation creates a premature translational
stop signal at codon 12 (p.Ser12*) of the LAMP2 gene. It is expected to result in an absent or disrupted protein product.
While this variant has not been reported in the literature, truncating variants in LAMP2 are known to be pathogenic
(PMID: 21415759). The c.35C>A mutation is absent from controls in the Exome Sequencing Project, the 1000 Genomes
Project, and the Exome Aggregation Consortium. Based on this evidence, this mutation has been classified as likely
pathogenic according to ACMG/AMP 2015 guidelines.®

Patient| The father of Patient|
LAMP2:NM_002294:exon8:c.973delC: p.Leu325fs LAMP2:c.973delC chrx:119575705

xACchcATGccccclcccnncrr A G = S GO GO RO
CANVAWMWAWANMA s

S RVAVATATAVAVAY, NVAWATATAY
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Figure 4 Patient |: LAMP2:NM_002294:exon8:c.973delC: p.Leu325fs (The red arrow represents the patient’s genetic mutation site). The father of Patient I: LAMP2:
¢.973delC chrx:119575705 (The red circle represents the site without genetic mutations). The mother of Patient I: LAMP2:c.973delC chrx:1 19575705 (The red circle
represents the site without genetic mutations). Patient Il: LAMP2:c.35C>A chrX-119602990 p.S12* (The red circle represents the patient’s genetic mutation site).
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Figure 5 (A and B) 24-year-old male patient’s two-chamber and four-chamber PSIR image shows LGE diffusely distributed at the sub-epicardium.
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Patient II showed elevated levels of cardiac biomarker troponin I (Tnl) upon admission, which is indicative of
myocardial damage. This finding suggests that the patient may have underlying cardiac disease, which could be the cause
of their presenting symptoms. Elevated Tnl levels are commonly associated with cardiac events such as acute myocardial
infarction (AMI) or unstable angina. However, it is also important to note that other non-cardiac conditions such as
sepsis, pulmonary embolism, and renal failure can also cause increased Tnl levels. Further diagnostic tests such as
electrocardiogram (ECG) and echocardiogram should be performed to confirm the diagnosis of cardiac disease. If
a cardiac origin is confirmed, appropriate treatment such as antiplatelet therapy, revascularization, or other interventions
should be initiated. In addition, monitoring Tnl levels over time can provide valuable information about the patient’s
cardiac status and response to treatment. Tnl is a useful marker for determining the extent and severity of myocardial
injury and can inform ongoing management decisions. Overall, the elevated Tnl levels in patient II highlight the potential
importance of cardiac disease in their clinical presentation and the need for prompt and thorough cardiac evaluation and
management.

Literature Review and Discussion

The present study describes two cases of Danon disease in patients only presenting with severe cardiac symptoms but
with lab results that suggested other systems were involved and there are many literature studies on its characteristics
(Table S1). Notably, elevated serum ¢Tnl, as was the case with the two patients in the present study, has not been widely
described in previous cases to develop after the progression of the disease. Furthermore, this paper also focuses on
management strategies for Danon disease.

First, the epidemiology of Danon disease was reviewed. The exact prevalence of Danon disease is unknown.
However, according to current case reports, it may affect any ethnic group. According to a 2019 report, an analysis of
previous related articles found that of the 146 Danon disease cases identified, there were 90 male (61.6%) and 56 female
(38.4%) cases. The ethnicity of the patients was reported in the minority of cases (n = 66, 45.2%), and in most cases, the
patients were Caucasian (72.7%). Danon disease cases were mostly reported by hospitals in Europe (54.1% of cases),
followed by North America (21.9%) and Asia (20.6%).” Meanwhile, with the development and wide application of
LAMP?2 gene testing technology, the diagnosis rate of Danon disease may increase yearly.® A recent report suggested that
speculative incidence rate was higher than previous estimates and could be as high as 1% to 6% of patients with HCM of
an unknown etiology.” One study identified Danon disease in 2 out of 50 pediatric patients with HCM (incidence of
4%),'" while the prevalence could reach 17% if expanding the consideration to patients in who HCM is accompanied by
other features.” In addition, the onset of Danon disease in male patients is generally earlier with a more serious clinical
presentation, with disease symptoms appearing during childhood or adolescence.'!

In 1940, Antopol et al'? reported that two brothers suffered from myocardial hypertrophy caused by excess glycogen
storage in the heart and skeletal muscle, which may have been the earliest description of Danon disease reported in
1981.% In 2000, it was first reported that the mutation of the LAMP2 gene caused Danon disease.' Although the exact
function of LAMP2 is still controversial, the LAMP2 protein plays a key role in mediating autophagosomal and
lysosomal fusion during autophagy.'> A LAMP2 protein deficiency, caused by gene mutations, is an essential factor in
the pathogenesis of Danon disease and is associated with a variety of clinical phenotypes.

Symptoms of Danon disease can vary from being asymptomatic for several years to sudden cardiac death. The main
clinical manifestations are cardiomyopathy, skeletal myopathy, and intellectual disability. Cardiac symptoms occur in
almost all patients with Danon disease. To this paper’s knowledge, as a consequence of X-chromosome inactivation,
female heterozygotes for Danon disease are somatic mosaics; thus, while the condition is highly penetrant, clinical
expression is attenuated compared with that of the hemizygous male.'* As a result of their hemizygosity, male patients
are severely affected. Among previously reported cases, female patients had a predominant presentation pattern consist-
ing of isolated cardiomyopathy (without additional disease hallmarks), while male patients more commonly presented
a triad of cardiomyopathy, skeletal myopathy, and intellectual disability.’

The most common cardiac symptoms reported include chest pain,'” heart murmurs,'® palpitations, and fatigue.'’
Palpitations and chest pain were the first symptoms in most patients.'* In male patients, Danon-related cardiomyopathy
was progressive and typically manifested as a hypertrophic phenotype during the course of the disease and later
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progressed to dilated features in 11% to 12% of cases.'' One case report demonstrated that the explanted heart of one
patient with Danon disease had severe cardiomegaly (weight 872 g [normal range 253-504 g, predicted for height]) and
severely symmetric left ventricular hypertrophy (left ventricular free wall width 25 mm [normal 15 mm])."® In contrast to
male patients, affected women patients show an approximately equal prevalence of DCM (28%) and HCM (33%)."!
However, unlike other HCM with preserved systolic function, patients with Danon disease with an HCM pattern and
preserved systolic function have worse prognoses.'” Male patients are unlikely to reach the age of 25 years without
cardiac transplantation.*

Arrhythmias were very common in patients with reported Danon disease, with an incidence of 80% to 100%. The pre-
excitation syndrome, Wolff—Parkinson-White (WPW) syndrome, was the most common form of arrhythmia in patients
with Danon disease, in the setting of PRKAG?2 mutation there is a variable incidence of ventricular pre-excitation, which
may vary with specific mutations. In the most prevalent variant R302Q it was reported from 70-100%.%° Pre-excitation
has been shown to develop post-natal in murines models of PRKAG?2. It has been associated with fasciculoventricular
pathways in most cases in humans.>' Fasciculoventricular pathways has been shown to be ubiquitous in humans,** and
the likely mechanism of ventricular pre-excitation in those glycogen storage disease (Prkag2 and Lamp2) is the
accumulation of glycogen leading to electrocardiographic manifestation in otherwise ubiquitous concealed fasciculoven-
tricular pathways.?? Boucek et al'' concluded that among 145 patients with Danon disease, WPW syndrome was found in
68% of male and 27% of female patients. The presence of WPW syndrome has been described in different types of
cardiac hypertrophy, eg, Andersons—Fabry disease, Pompe disease, protein kinase adenosine monophosphate-activated
non-catalytic subunit gamma 2 cardiomyopathy, and Danon disease. However, the exact mechanism of WPW syndrome
is unclear.”® An analysis of the Spanish multicenter Danon Registry showed that only 11 of the 27 patients with Danon
disease had WPW syndrome. Presumably, previous studies may have overestimated the incidence of WPW syndrome in
patients with Danon disease.>* Data on the incidence of AF in Danon disease is scarce. However, one study revealed that
five of the seven patients suffered from AF, with one of them experiencing a thromboembolic stroke at the age of 30
years, and the authors speculated that patients with Danon disease harbored a significantly increased risk of prematurely
occurring AF and thromboembolic events.?

Finally, malignant arrhythmia was found to be one of the leading causes of death. One study showed that four out of
six patients with Danon disease developed ventricular arrhythmias and suddenly died.> AF, atrial flutter, and life-
threatening ventricular arrhythmia were common, with a prevalence of up to 60%.?® Other electrocardiogram abnorm-
alities included complete atrioventricular blocks, supraventricular tachycardia, delta waves, and high voltages.?”-**

It is noted in this study that elevated serum cTnl was observed in two patients. So far, only a few determinations of
serum cardiac troponins have been conducted in Danon disease. It is generally known that cardiac troponins are
commonly used in the diagnosis and prognosis of ischemic cardiomyopathy and that cardiac troponins could have
a predictive value for adverse outcomes in DCM and HCM.**° In one case report, notably elevated serum cTnls were
found in the severely affected family Danon members (three brothers and their mother).'"* Elevated serum cardiac
troponins were also found during the acute cardiac phase.>' Therefore, although elevated serum cardiac troponin is not
specific, it can be considered to be related to Danon disease. Clinicians should be alert to this to prevent unnecessary
catheter treatment and to merit exploration for clinical decisions during the entire diagnostic process.

Among reported cases, skeletal myopathy manifested as general weakness, exercise intolerance, and elevated serum
creatine kinase.”* Learning difficulties were detected in patients, but disease progression remained relatively stable.>
Moreover, cognitive and psychiatric changes were uncommon.> Additionally, in a Japanese survey, two patients (10%)
had retinopathy.**

Whether or not family history indicates the presence of Danon disease, all sporadic HCM patients should undergo
clinical examinations, such as muscular, plasma creatine kinase concentration, transaminase concentration, electrocar-
diogram, and nervous system tests. Laboratory abnormalities, such as detectable elevations in hepatic and skeletal muscle
enzymes, are common, with values greater than three times the normal limit. Echocardiography is commonly used in
diagnosing patients. Cardiac MRIs are applied to determine the extent of myocardial fibrosis. Laboratory diagnostic tools
include finding normal acid maltase activity, vacuolar features in skeletal and/or endomyocardial biopsy, LAMP2 protein
deficiency in various tissues (including leukocytes), and mutation detection in the LAMP2 gene.*® Ultimately, the
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LAMP?2 gene test is considered the best for diagnosing and excluding Danon disease. Once the diagnosis is confirmed, it
is recommended that cascade assessment.>® Patients with Danon disease may have multiple medical needs, and the
corresponding treatment teams may include a combination of primary-care physicians, cardiologists, geneticists, neurol-
ogists, ophthalmologists, rehabilitation medicine specialists, and physical therapists.® Due to the limited understanding of
this disease, no treatment guidelines have been published. In patients with Danon disease who have HCM, clinicians may
refer to the 2011 American College of Cardiology Foundation/American Heart Association and 2014 European Society
of Cardiology guidelines for the diagnosis and treatment of HCM.?"**

However, the prognosis of Danon disease is entirely different from that of HCM, especially in men. Male patients
generally do not live more than 30 years, but female patients can live up to 40 or 50 years.'' Malignant ventricular
arrhythmias and heart failure are the most important causes of shortening patients’ life spans. Therapeutic interventions
in Danon disease are implantable cardioverter-defibrillator (ICD) implantation and cardiac transplantation. One study
showed that there was a high incidence of failure to terminate ventricular arrhythmias in patients that underwent
implantation of an ICD, as was the case with five out of seven patients.”® Cardiac transplantation appears to be the
only effective treatment.>® Survival after transplant is similar in patients with Danon disease as compared with patients
undergoing cardiac transplantation for other causes.’® Meanwhile, applying a left ventricular assisting device at the
appropriate time before heart transplantation is a crucial management method.*® However, current cardiac transplantation
criteria focusing on the acquired heart disease are inappropriate for inherited diseases without further evidence, such as
Danon disease.*' And the assessment of candidacy for cardiac transplantation should occur promptly following the
development of a functional decline, particularly in young men. The timing of cardiac transplantation in patients with this
disease is a major issue in clinical management and needs further study.
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LAMP2, lysosome-associated membrane protein 2; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy;
AF, atrial fibrillation; MRI, magnetic resonance imaging; LVEF, left ventricle ejection fraction; cTnl, cardiac troponin I;
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