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Abstract

Danon disease is a rare genetic disorder associated
with mutations in the LAMP2 gene, located on the X
chromosome, which encodes the LAMP2 protein that is
essential for autophagy. The disease is characterized by a
triad of cardiomyopathy, skeletal myopathy, and intellectual
disability, with clinical manifestations that vary between the
sexes. Men generally present with more severe and earlier
forms, with hypertrophic cardiomyopathy and arrhythmias,
whereas women present with later progression and less
homogeneous symptoms. To illustrate the wide variety
of manifestations, we report the clinical case of a young
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female patient diagnosed with heart failure, progressing to
heart transplantation, where a mutation in the LAMP2 gene
was identified through the anatomopathological findings of
the explanted heart. The prevalence of Danon disease is
uncertain, but it is believed to affect diverse ethnicities, with
a higher prevalence in groups with ventricular thickening.
The pathophysiology involves defective autophagy, impaired
mitophagy, and oxidative stress, leading to cardiomyocyte
hypertrophy and fibrosis. Diagnosis is confirmed by means
of biopsy, immunohistochemistry, and genetic testing,
and it is essential to assess family risk. Treatment focuses
on the management already defined for heart failure and
arrhythmias, with heart transplantation and ventricular assist
devices as therapeutic options.

Introduction

The lysosome-associated membrane protein 2 (LAMP2)
gene is responsible for encoding the LAMP2 protein,
belonging to the LAMP family of highly homologous type
I transmembrane proteins present in the membrane of
lysosomes, which are responsible for the degradation of
molecules, in the process known as autophagy.'? Human
mutations in the LAMP2 gene encoded on the X chromosome
produce a series of severe clinical manifestations that
cause an entity called Danon disease, a multisystemic
condition with neurological, hepatic, skeletal, and cardiac
muscle abnormalities, which is responsible for up to 3% of
myocardial thickening in adolescents and young adults."?
LAMP2 cardiomyopathy shows ventricular hypertrophy,
conduction system defects, and ventricular arrhythmias,
resulting in heart failure (HF) and early death in young men
and women of diverse ages (Central lllustration).>* Women
develop symptoms during adolescence or later, generally
with more heterogeneous phenotypes, such as hypertrophic
and restrictive or, less commonly, dilated cardiomyopathy.
In males, the most frequently identified phenotype is
hypertrophic, in up to 96% of patients, accompanied
by arrhythmias, mild and slowly progressive proximal
muscle weakness, leading to delays in motor development
milestones, progressive visual impairment due to retinopathy,
and mild intellectual disability."* The importance of this
review lies in the possibility of promoting a link between
the different disciplines involved in the diagnosis and
management of this entity, including cardiologists, clinicians,
geneticists, neurologists, pediatricians, and others, given that
the heterogeneous presentation, systemic involvement, and
different ages of onset require this joint work.

Clinical case

We report the case of a 25-year-old female patient with
a history of New York Heart Association (NYHA) functional
class Il dyspnea, which had progressed for 2 years and
worsened 1 month before admission. Upon admission,
she presented orthopnea, palpitations, and progression to
NYHA functional class Ill. She denied syncope and lower
limb edema. Regarding family history, her mother had died
suddenly without an established cause at the age of 38.
She reported regular use of carvedilol 6.25 mg twice daily,

enalapril 5 mg twice daily, spironolactone 25 mg once daily,
furosemide 40 mg once daily, and rivaroxaban 20 mg once
daily, the latter due to the presence of a thrombus in the left
ventricle. She presented subjective cognitive deficit and had
been hospitalized twice for HF in the past 6 months, once
requiring inotropic medications. On physical examination,
she presented the following vital signs: heart rate of 58 bpm,
blood pressure of 80/60 mmHg, oxygen saturation of 95%,
signs of congestion characterized by jugular vein distension
and hepatojugular reflux, bilateral rales at the bases, and
palpable hepatomegaly.

Laboratory tests showed preserved renal function, mild
anemia, and BNP of 680 pg/ml. Electrocardiogram showed
sinus rhythm, slow progression of R in precordial leads,
short PR interval, supraventricular extrasystoles, and diffuse
repolarization changes. Transthoracic echocardiogram
revealed eccentric hypertrophy, dilated phenotype, 60 x 53
mm, interventricular septum of 13 mm, ejection fraction of
20%, moderate dysfunction, and presence of thrombus in the
apical region (Figure 1).

Cardiac magnetic resonance imaging was performed,
with the following important findings: ejection fraction of
20%, ventricular dilation of 166 X 132 ml/m?, important
right ventricular dysfunction, presence of intracavitary
thrombus, and delayed enhancement, which was multifocal,
mesoepicardial (non-ischemic), and diffuse in the mid-
apical regions and the basal portion and more expressive
in the anterior and inferior segments. There was no
myocardial edema (Figure 2). The exam was interpreted
as dilated cardiomyopathy, suggesting probable genetic or
inflammatory etiologies.

Subsequently, due to advanced HF criteria, such as
NYHA 111/1V, significant biventricular dysfunction, persistently
elevated BNP, 2 hospitalizations requiring inotropic drugs,
and no contraindications for heart transplantation, the patient
was admitted to the waiting list for heart transplantation.
Approximately 50 days later, she underwent heart transplant
surgery, with no major postoperative complications. Evaluation
of the anatomical specimen (explanted heart) revealed
cardiomyopathy with predominant biventricular hypertrophy,
diffuse vacuolization of cardiomyocytes, moderate midwall
fibrosis in the left ventricle, transmural fibrosis in the free wall
of the right ventricle, and hypertrabeculation in the apical
myocardium of the left ventricle. Periodic acid-Schiff staining
showed numerous positive granules within the cardiomyocyte
vacuoles. Clinical investigation regarding the possibility of
glycogen storage disease was suggested. Genetic testing was
performed, revealing the presence of a mutation in the LAMP2
gene. The patient is currently in follow-up, with no graft failure,
and is using immunosuppressants, with persistent cognitive
deficits, as previously mentioned.

Danon disease

Danon disease is an X-linked dominant lysosomal storage
disease characterized by the triad of cardiomyopathy,
skeletal myopathy, and intellectual disability.>* It is caused by
defects in the LAMP2 gene, which plays an important role in
autophagosome-lysosome fusion in autophagy.**

ABC Heart Fail Cardiomyop. 2025; 5(1):e20250002
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Figure 1 - Electrocardiogram showing sinus rhythm, slow progression of R in precordial leads, short PR, supraventricular extrasystoles and diffuse repolarization
alterations (top). Transthoracic echocardiogram in short-axis (left) and apical 4-chamber (right) view showing eccentric hypertrophy, dilated phenotype, 60 x
53 mm, interventricular septum 13 mm, ejection fraction of 20%, and moderate dysfunction.

Epidemiology

Although the prevalence of Danon disease is unknown, it
is believed to affect all ethnic groups. Reported prevalence
rates range from 4% to 17% depending on the cohort studied,
and they are higher when the group investigated presents
ventricular thickening and the sample is pediatric patients.**
In a cohort study that analyzed the prevalence of Danon
disease in a pediatric population of 50 patients diagnosed with
hypertrophic cardiomyopathy, 4% (2 of 50) were reclassified
as Danon disease after genetic testing identified a mutation
in LAMP2.57 In another cohort study of pediatric patients
diagnosed with hypertrophic cardiomyopathy, Danon disease
was identified in 6% of the population (4 of 64).

Pathophysiology

It remains unclear whether cardiomyopathy results from
reduced amounts of protein or altered activity of the mutant
protein. Therefore, it is a syndrome that presents with wide
heterogeneity, which may be explained by the presence of
certain amounts of protein compared to those with the null
allele, which has been studied in mice. Furthermore, in female
patients, it may be attributed to the extension of a pattern of
X-chromosome inactivation, which occurs in female cells.??

Additional mechanisms likely contribute to the development
of LAMP2 cardiomyopathy. Recent studies have confirmed

ABC Heart Fail Cardiomyop. 2025; 5(1):e20250002

the critical role of defective mitophagy, oxidative stress,
and energy deficiency in the pathogenesis of LAMP2
cardiomyopathy.?® Intracellular vacuoles containing glycogen
and other cytoplasmic components accumulate rather than
being degraded and recycled for reuse by the cell, resulting

Figure 2 - Cardiac magnetic resonance imaging showing important ventricular
dilation of 166 x 132 ml/m?, important right ventricular dysfunction, and
important increase in left ventricular trabeculation, not meeting the criteria
for noncompaction.
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in cardiomyocyte hypertrophy. Defective autophagy results in
a mismatch between the supply and demand of energy and
resources within cells and oxidative stress, causing cell death
and diffuse fibrosis, which impairs conduction and increases
susceptibility to arrhythmias.?*® Furthermore, calcium
dysregulation, abnormal calcium release, and increased
sensitivity to catecholamine stimulation contribute to lethal
arrhythmia in LAMP2 cardiomyopathy.?

Clinical manifestations

Men are normally affected earlier and more severely
than women, with severe cardiomyopathy requiring heart
transplantation; otherwise, the disease is lethal by the mid-
20s."8 Itis important to mention that the phenotype may migrate
over time, and some patients may have initial hypertrophy,
which may progress to a dilated phase depending on disease
stage, hence the importance of follow-up.? Additional clinical
manifestations include retinal disease, liver disease, neurological
manifestations, and lung disease."® Table 1 describes the most
commonly identified characteristics.

There is growing evidence that hereditary cardiomyopathies
are associated with myocardial inflammation, as previously
described in arrhythmogenic cardiomyopathy and Fabry
disease.'"" It is still unclear whether mutations in cardiac
proteins make cardiomyocytes more susceptible to
inflammation. However, both Danon disease and severe
chronic myocarditis can progress to terminal heart failure,
requiring heart transplantation. In the literature, there are two
documented cases in which the coexistence of Danon disease
and myocarditis was demonstrated by endomyocardial biopsy,
which underscores the crucial role of this test in differential
diagnosis, in addition to the need for complementary imaging
methods, such as cardiac magnetic resonance imaging.'*'3

Complementary exams

Muscular biopsy reveals normal levels of acid maltase,
which differentiates Danon disease from Pompe disease, a very

Table 1 - Clinical manifestations of Danon disease

System Clinical manifestations

Hypertrophic or dilated
cardiomyopathy, heart failure,
arrhythmias (such as atrial
fibrillation), sudden death

Cardiovascular

Skeletal myopathy, proximal

Musculoskeletal f
muscle weakness, fatigue

Learning deficits, mild to moderate

Neurological intellectual disability

Pigmentary retinopathy, visual field

Ceute defects

Respiratory failure (secondary to
muscle weakness), risk of sleep
apnea

Respiratory

Delayed gastric emptying, difficulty

Gastrointestinal .
swallowing

similar genetic disorder. Immunohistochemistry reveals LAMP2
protein deficiency and accumulation of autophagic vacuoles
when observed under electron microscopy.*'* Genetic testing
may reveal a mutation in the LAMP2 gene. Serology studies
may show elevated serum creatine kinase levels approximately
2 to 3 times normal, as well as increased liver function tests.’

The electrocardiogram may reveal a short PR interval, with
or without a delta wave, and an electrocardiographic pattern of
left ventricular hypertrophy with repolarization abnormalities.
As the disease progresses, supraventricular arrhythmias such
as atrial flutter and fibrillation or ventricular arrhythmias may
develop. Advanced atrioventricular blocks are also common.
Echocardiography and cardiac magnetic resonance imaging can
help characterize the degree of cardiac fibrosis, which may be
a predictor of future arrhythmogenic events.>'® Additionally, a
formal neuropsychological examination may identify intellectual
disability, and retinal examination may reveal changes in retinal
pigment.>'® Thus, there is a variety of clinical findings and
complementary exams to recognize, due to the heterogeneity
of the disease, as illustrated in Table 2. On the other hand, it
is essential to apply clinical reasoning and knowledge of likely
differential diagnoses, as shown in Figure 3.

Cardiac magnetic resonance imaging

As previously mentioned, presentation differs depending
on sex. Myocardial thickening (hypertrophic phenotype) is
characteristic in men; on the other hand, in women, the
dilated phenotype is predominant, and the hypertrophic

Table 2 - Clinical and complementary findings of Danon disease

Diagnostic criteria Complementary exams

Echocardiography (to assess cardiac
hypertrophy/dilation) and cardiac
magnetic resonance imaging

Cardiomyopathy

Physical examination and
electromyography (to assess
muscle weakness and skeletal
muscle damage)

Skeletal myopathy

Ophthalmological examination
and electroretinogram (to assess
changes in the retina)

Pigmentary retinopathy

Neuropsychological assessment
(to assess cognitive and learning
deficits)

Mild to moderate intellectual
disability

Family tree and genetic study
(analysis of the LAMP2 gene)

Serum CPK and AST/ALT levels
(to assess enzyme elevation
associated with myopathy)

Family history of X-linked disease

Increased CK and transaminase
levels

Muscle biopsy with
histopathological study (to confirm
the presence of autophagic
vacuoles in myocytes)

Presence of autophagic vacuoles
on biopsy

Genetic sequencing (identification

A of mutations in the LAMP2 gene)

ALT: alanine aminotransferase; AST: aspartate aminotransferase; CK: creatine
kinase; CPK: creatine phosphokinase.

ABC Heart Fail Cardiomyop. 2025; 5(1):e20250002
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phenotype is less frequent. The most common pattern
of thickening is symmetrical and concentric, followed by
an asymmetrical phenotype (with interventricular septum
thickness 1.3 times greater than that of the lateral wall) in
up to 38% of patients.’'® The majority of patients have
right ventricular hypertrophy (81%). All patients with
Danon disease have late enhancement, which is frequently
extensive, involving a median of 35% of the ventricular mass.
The most commonly described pattern is preservation of
the basal to mid-interventricular septum in the majority of
patients, and almost all show enhancement at the apex and
lateral wall. Subendocardial involvement is the most common
(87%). There is a relatively high incidence of abnormal T2
findings in male patients with Danon (62%)."”"® Presumably,
the high T2 signal in these patients reflects myocardial
inflammation or edema.

Although there are multiple findings that involve several
organs, a flowchart shown in Figure 4 has been adapted in
the attempt to simplify the diagnostic algorithm.

The role of genetic testing

The estimated prevalence of individuals with hypertrophic
cardiomyopathy who harbor a pathogenic or likely pathogenic
variant in the LAMP2 gene is 1% to 4%."%' In female
patients, the phenotypic expression is varied, and it includes
presentation as dilated cardiomyopathy. This supports the
inclusion of LAMP2 in multigene panels for common inherited
cardiomyopathy in both adult and pediatric populations.?

Genetic testing of relatives of a patient with Danon
disease is essential in order to assess risk and determine the
risk of recurrence. For male patients identified as having a

Similar
clinical features

Differential

diagnosis

Pompe disease
proximal muscle weakness,
increased CPK

Hypertrophic cardiomyopathy,

Exams for differential
diagnosis

Reduced GAA enzyme in
leukocytes, specific genetic
testing for GAA gene
mutations

Duchenne muscular
dystrophy

Proximal muscle weakness,
increased CPK

Genetic testing for DMD gene
mutations, muscle biopsy with
absent or reduced dystrophin

Fabry disease Cardiomyopathy,

neuropathic pain

retinopathy, renal involvement,

Reduced alpha-galactosidase
A enzyme, genetic testing for
GLA gene mutations

Familial hypertrophic
cardiomyopathy

Cardiac hypertrophy,
arrhythmias, heart failure

Genetic testing for mutations
in sarcomeric genes (for
example, MYH7, MYBPC3)

Glycogen storage
disease type lll
(Cori disease)

Myopathy, hepatomegaly,
elevated liver enzymes

Genetic testing for AGL gene
mutations, assessment of
glycogen storage in liver or
muscle biopsy

Cardiac involvement with
myocardial stiffness,
arrhythmias

Restrictive
cardiomyopathy

Echocardiography,

cardiac MRI, cardiac biopsy
to exclude other causes such
as amyloidosis

Barth syndrome Dilated cardiomyopathy,
muscle weakness,

delayed growth

Genetic testing for TAZ gene
mutations

Leigh syndrome Myopathy, progressive

neurological impairment

Genetic testing for
mitochondrial mutations,
brain MRI for characteristic
alterations

Cardiac amyloidosis
arrhythmias

Cardiomyopathy, heart failure,

Cardiac biopsy with amyloid
staining, pyrophosphate
scintigraphy, genetic testing
for TTR gene mutations

111111111

Figure 3 - Differential diagnosis of Danon disease. CPK: creatine phosphokinase; MRI: magnetic resonance imaging.
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posterior wall

¢ ECG abnormalities:

Men: AorBorC
Women: only A

Objective cardiovascular abnormality defined as any of the following:

* Left ventricular hypertrophy: Thickening of the interventricular septal and

—Age < 18 years: z score > 2
—Age > 18 years: > 1.3 cm

* Left ventricular ejection fraction < 50%

—History of atrial fibrillation or flutter, ventricular tachycardia, ventricular
fibrillation, or sudden cardiac death

—Repolarization abnormalities, left/right ventricular hypertrophy,
atrioventricular block

- Pre-excitation pattern due to Wolff-Parkinson-White syndrome or
fasciculoventricular pathways

* Late gadolinium enhancement on cardiac magnetic resonance imaging
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normal)

Muscle abnormalities defined by any of the following:

* Abnormal EMG, functional assessment (CPET, 6-minute walk test), or timed

* Elevated CPK, AST, or ALT (> 2 standard deviations above the upper limit of

Intellectual disability, attention deficit disorder,

or developmental delay

Figure 4 - Diagnostic algorithm for Danon disease. Adapted and modified from Hong et al. 19. ALT: alanine aminotransferase; AST: aspartate aminotransferase;
CPET: cardiopulmonary exercise testing; CPK: creatine phosphokinase; EMG: electromyography.

pathogenic or likely pathogenic variant in the LAMP2 gene,
only genetic testing of the patient’s mother is necessary,
because the affected X chromosome is maternally inherited.
Negative maternal genetic testing results in these cases are
compatible with a de novo mutation in the affected son.?
The estimated de novo mutation rate for this condition is
high (up to 40%), reflecting its malignant nature and negative
effect on reproduction. Conversely, in female patients, both
parents should be tested as soon as a pathogenic variant is
identified in the affected proband.?" It is imperative to test the
affected individual’s mother, and those who are identified as
carrying the same pathogenic variant will have a 50% chance
of transmitting that variant to existing or future offspring.
Male patients with Danon disease could theoretically
transmit a LAMP2 mutation to all of their daughters. The
penetrance of the disease is probably 100% in both sexes."*'
However, because female patients are heterozygous for
the mutation, whereas males are homozygous, the disease

typically presents at an earlier age in males than in females.?
Furthermore, the genotype-phenotype correlation remains
incomplete, and some cases may present with milder or
exclusively cardiac involvement, depending on the location
and type of mutation in the LAMP2 gene, which underscores
the diagnostic challenge and the importance of genetic
testing. Alterations in the LAMP2 gene, located in Xq24, are
generally responsible for this condition, following an X-linked
inheritance pattern.?

Cases of atypical presentations have been reported, which
manifest exclusively with severe cardiac involvement, for
example, the hemizygous deletion in the coding region of
LAMP2, characterized by the loss of 7 nucleotides between
positions 645 to 651.22 Additionally, another hemizygous
variant was found, namely, c.35C>A (pSer12%), in LAMP2.
Both have exclusive cardiac involvement, which reinforces
the importance of performing genetic testing.

ABC Heart Fail Cardiomyop. 2025; 5(1):e20250002
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Recommended genetic testing panels

The majority of reported cases of Danon disease are
associated with nonsense, frameshift, splicing, and small
indel variants detected in the LAMP2 gene, accounting for
approximately 95% of all pathogenic and likely pathogenic
variants detected. A multigene next-generation sequencing
panel is the rule when an individual’s disease presentation is
atypical, especially when presenting with isolated hypertrophic
cardiomyopathy at < 15 years of age.”?' It is a common
practice to include other common causes of hypertrophic
cardiomyopathy, such as sarcomere genes (for example,
MYH7, MYBPC3, TNNT2, TNNI3) and syndromic genocopies of
hypertrophic cardiomyopathy, especially if diagnostic criteria
are not definitively met in an affected patient.

Treatment

The treatment of Danon disease is primarily focused on
cardiac manifestations. A left ventricular assist device may be
implanted for cardiac output or as a bridge to transplantation,
and a cardioverter-defibrillator may be used to prevent
sudden cardiac death due to ventricular tachycardia.?**
Five-year graft survival for both male and female patients is
relatively high, making cardiac transplantation an effective
treatment option.?"*> Ablation of the arrhythmogenic focus
may be considered in patients with cardiac pre-excitation
and ventricular arrhythmia. Although there is no specific
treatment for muscle weakness, physical therapy should
be attempted and may be beneficial. Similarly, supportive
interventions for developmental delay or intellectual
disability, retinopathy, or neuropsychiatric manifestations
should be offered.?"

Future perspectives

Danon disease, which has high penetrance, presents
malignant development. It rapidly progresses to massive
ventricular hypertrophy, heart failure, heart transplant, or
sudden death in the early decades of life, especially in carriers
of the male variant.?

Accordingly, gene therapy, which is beginning to be a
possibility of precision treatment for some cardiomyopathies,
brings the hope a treatment that can change the natural history
of genetic cardiomyopathies that, in the absence of specific
therapy, have a dismal prognosis.

A recently published phase | study evaluated the safety
and efficacy of a single dose of RP-A507, a recombinant
adeno-associated virus serotype 9 (AAV9) carrying the full-
length transgene LAMP2B, in a sample of 7 adult and pediatric
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