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ABSTRACT

Danon disease is a rare X-linked autophagic vacuolar cardioskeletal myopathy associated with severe heart failure
that can be accompanied with extracardiac neurologic, skeletal, and ophthalmologic manifestations. It is caused by loss
of function variants in the LAMP2 gene and is among the most severe and penetrant of the genetic cardiomyopathies.
Most patients with Danon disease will experience symptomatic heart failure. Male individuals generally present earlier
than women and die of either heart failure or arrhythmia or receive a heart transplant by the third decade of life. Herein,
the authors review the differential diagnosis of Danon disease, diagnostic criteria, natural history, management rec-
ommendations, and recent advances in treatment of this increasingly recognized and extremely morbid cardiomyopa-
thy. (J Am Coll Cardiol 2023;82:1628-1647) © 2023 The Authors. Published by Elsevier on behalf of the
American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

n 1981 Morris Danon described 2 patients with se-  X-linked cause of cardiac hypertrophy that was
vere hypertrophic cardiomyopathy resembling strongly associated with various other systemic man-
Pompe syndrome but with normal acid maltase ifestations, including skeletal myopathy, intellectual
levels; unbeknownst to him, he identified the first pa-  disability, and retinal disorders. However, it would
tient with a disease that would carry his name." be another 20 years before Ichizo Nishino identified
Danon disease was soon recognized to be a rare the gene that caused Danon disease as LAMP2, a
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HIGHLIGHTS

e Danon disease is a rare, X-linked genetic
cardiomyopathy in which protein
deficiency results in autophagy, accumu-
lation of autophagosomes, defective
mitochondria myocyte death, and
adverse clinical outcomes.

Clinical features include myocardial hy-
pertrophy, conduction abnormalities,
heart failure, malignant ventricular
arrhythmia, and multisystem
involvement.

Understanding the pathophysiology and
clinical trajectory of Danon disease may
promote earlier diagnosis, risk stratifica-
tion, and patient selection for medical
and gene therapies that may have impli-
cations for other genetic
cardiomyopathies.

critical regulator of autophagic flux expressed ubiqui-
tously in virtually all multicellular organisms.”

During the past decade, significant insights have
been achieved into the pathobiology of Danon dis-
ease, primarily because of the development of in vivo
and in vitro models of the disease.?>* Furthermore,
several retrospective natural history studies have
been completed that shed light on the disease pro-
gression and emphasize the morbidity and mortality
of Danon disease in both sexes.”'® Whereas the cur-
rent standard of care for the condition has a limited
impact on altering the natural history of the disease,
promising new therapies are being evaluated in
ongoing clinical trials.

Danon disease is one of the most severe and
penetrant forms of inherited cardiomyopathy." Case
reports of male patients with Danon disease describe
hearts that are among the largest ever described.'”"
Although symptomatic heart failure will develop in
these patients irrespective of sex, ventricular
arrhythmia, and conduction disturbances, males
affected by Danon disease generally present earlier
than women. In fact, most male patients will die of
heart failure or undergo cardiac transplantation by
the third decade of life. Many unanswered questions
remain regarding Danon disease, including not only
why these patients experience such severe disease
but how they manage to survive despite the absence
of a protein thought to be critical for cellular ho-
meostasis. Although Danon disease is rare, we believe
it merits a comprehensive review because of its
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unique pathologic characteristics, severity,
and phenotypic similarity to other inherited
disorders.

DEFINITION OF DANON DISEASE

PATHOPHYSIOLOGY. Danon  disease is
caused by a critical deficiency of expression
of the lysosomal-associated membrane 2
(LAMP-2) protein, encoded by the LAMP2
gene, which is localized to the X-chromosome
(Xq24).>'* Deficient production of LAMP-2B
results in impaired macroautophagy. Intra-
cellular vacuoles containing glycogen and
other cytoplasmic components accumulate,
instead of being degraded and recycled for

reuse by the cell, resulting 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 affects
conduction and increases susceptibility to arrhyth-
mias. Although immunohistochemistry and other
protein-based studies are feasible, from a practical
standpoint the diagnosis of Danon disease is typically
made on the basis of suggestive clinical features and
detection of a pathogenic or likely pathogenic variant
in LAMP2. Variants that portend a loss of LAMP-2
protein expression (nonsense, frameshift, and inser-
tion/deletion variants) represent the spectrum of
Danon disease-causing genetic findings.'® LAMP?2 is
included in most hypertrophic and dilated cardio-
myopathy gene panels. Thus, even if Danon disease is
not initially suspected in a patient with cardiomyop-
athy, the diagnosis of Danon disease may be revealed
to clinicians through the results of genetic testing.

CLINICAL MANIFESTATIONS. Clinically, the disease
is characterized by the classic triad of severe cardio-
myopathy, skeletal myopathy, and cognitive impair-
ment, reflecting the fact that the myocardium,
skeletal muscle, and brain have the most abundant
expression of LAMP-2 (Central Illustration).'”'® Car-
diac manifestations are usually the most prominent
and severe, whereas skeletal muscle and neurologic
phenotypes can vary considerably (Figure 1).°'°
Furthermore, this multisystem disorder can include
retinopathy as well as gastrointestinal, hepatic, and
pulmonary manifestations (Table 1). Although liver
enzyme abnormalities and creatine kinase elevation
can precede the diagnosis of cardiomyopathy, hepatic
and pulmonary symptoms are often sequelae of pro-
gressive cardiac disease. Notably, although mild
cognitive and muscular impairments may have been

BNP = B type natriuretic
peptide

CMR = cardiac magnetic
resonance

ECG = electrocardiogram

LAMP-2 = lysosomal-
associated membrane 2

LVH = left ventricular
hypertrophy
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AAV = adenoassociated viruses

GAA = acid a-glucosidase gene

ICD = implantable cardioverter
defibrillator

MDs = mitochondrial diseases

mtDNA = mitochondrial DNA
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CENTRAL ILLUSTRATION Clinical Presentation of Danon Disease

Danon Disease Due to LAMP2 Mutations

Neurocognitive

Cardiac

Disease Expression Differs by Sex

Severe hypertrophic
cardiomyopathy; may
present or evolve to a

dilated cardiomyopathy

Cardiac

Visual

+ Retinopathy

Gastrointestinal*
* Hepatomegaly
 $Transaminases**

Skeletal Muscle

 Proximal muscle
weakness
« Myalgias

ECG: Hypertrophy with
pre-excitation

Ventricular hypertrophy

Females

Hypertrophic Cardiomyopathy Dilated Cardiomyopathy

« Severe concentric LV hypertrophy
with preserved ejection until late
stages of disease

« Variable expression that includes
hypertrophic and dilated
phenotypes

Psychiatric
« Anxiety
* Mood disorders

Hong KN, et al. J Am Coll Cardiol. 2023;82(16):1628-1647.

Impaired autophagy with
vacuolization

Typically femal
G « Median age of onset is usually 10 years later than males

« Extracardiac manifestations are less prevalent and severe
« Can present with isolated cardiac manifestations only

show di

ions and mortality later in life

Due to its X-linked dominant inheritance, disease expression differs by sex. Danon disease in males is characterized by the classical triad of severe cardiomyopathy,
skeletal myopathy, and cognitive impairment. Additional extracardiac symptoms include visual, gastrointestinal, and psychiatric manifestations. Females often present
with disease later in life and with isolated cardiac manifestations that include hypertrophic and dilated phenotypes. If extracardiac symptoms are present in females,
they are often less severe. *Congestive hepatopathy can be seen in patients with advanced heart failure. **Elevated transaminases can be due to skeletal myopathy.

ECG = electrocardiogram; LV = left ventricular.

present since childhood, cardiovascular symptoms
are often what trigger clinical evaluation. Thus, at the
time of diagnosis, simultaneous reporting of all of
these symptoms can occur.>'® Owing to its X-linked
dominant inheritance, disease expression differs by
sex, with female individuals often presenting with
disease manifestations later in life and often with
isolated cardiac symptoms.> > The clinical presen-
tation and specific cardiac features demonstrate large
variability in female individuals, presumably because
of different patterns of X chromosome inactivation.
Inasmuch as extracardiac manifestations are less
prevalent and severe, the diagnosis of Danon disease
is more challenging in female individuals and may be
an unexpected finding from cardiomyopathy-panel or
whole exome-based genetic testing. Although this
suggests that surveillance intervals should differ by
sex, all LAMP2 variant carriers should undergo base-
line multisystem evaluation to assess for the presence
of any symptoms or signs of disease.

Cardiac. Left ventricular hypertrophy (LVH) is the
most common cardiac manifestation at presentation
for both sexes, although 30% to 50% of female in-
dividuals can present with a dilated or hypokinetic
nondilated phenotype.® Cardiac magnetic resonance
(CMR) can identify varying patterns of hypertrophy
and distribution of late gadolinium enhancement in
male and female individuals. In male individuals,
LVH was typically concentric with normal ejection
fraction, whereas female individuals presented with
asymmetric LVH, right ventricular hypertrophy, and
both hypertrophic and dilated phenotypes.’® Pro-
gression of cardiac disease is the greatest cause of
morbidity.”'® Oftentimes, children and adolescents
can have accelerated hypertrophy of the car-
diomyocytes, resulting in severe LVH, which is a
distinguishing feature of Danon disease compared
with other forms of hypertrophic cardiomyopathy.
Defective autophagy impairs crucial biological func-
tions in the relentlessly working cardiac muscle,
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FIGURE 1 Clinical Features of Danon Disease

(A) Apical 4-chamber view from a 19-year-old man with LAMP2 frameshift variant c.420_421insG (p.Leu141ValfsX9), showing severe left ventricular hypertrophy. (B, C)
Skeletal muscle biopsy specimen with lysosomes (arrows), autophagic vacuoles (arrowheads), and glycogen deposits (*). (D) Cardiac MR short-axis view from a
20-year-old male with LAMP2 splicing variant c.741G>A (p.Lys247=) showing diffuse late gadolinium enhancement that spares the septum. (E) Electrocardiogram from

same patient as in A with pre-excitation, left ventricular hypertrophy with repolarization abnormalities.

leading to ongoing myocardial injury and sustained
circulating troponin elevation.”" Typically, owing to
cardiomyocyte death and progressive fibrosis, the
hypertrophic heart becomes hypokinetic, followed by
wall thinning and possible dilation. It remains un-
clear whether the dilated cardiomyopathy in female
individuals is part of the continuum of disease that
begins as cardiac hypertrophy or whether it repre-
sents an independent disease phenotype.*” Although
there are case reports of female individuals with early
onset of hypertrophy, symptoms, arrhythmia, and an
accelerated malignant clinical course, the majority
experience milder disease that may delay diagnosis
until a later time, when their hearts may have already
become hypokinetic and/or dilated.'®>**
Electrophysiologic abnormalities and arrhythmias
are common in Danon disease. Early manifestations
include short PR and/or delta waves, which suggest
accelerated atrioventricular nodal conduction and/or
accessory pathways, high ECG voltage with repolari-
zation abnormalities, and atrial and ventricular ar-
rhythmias. Supraventricular tachycardias, including
atrial flutter and atrial fibrillation, as well as ventric-
ular arrhythmias, are common and occur in approxi-
mately 60% of individuals.® Pre-excitation secondary
to Wolff-Parkinson-White syndrome or fasciculoven-
tricular pathways, which may be an early marker of

disease, is common in both male (69%) and female
individuals (27%) and occurs more frequently in
Danon disease than in other forms of hypertrophic
heart disease.>®?3 Multiple accessory pathways may
coexist. Although the mechanism for pre-excitation
in Danon disease is unknown, disruption of the
annulus fibrosus that surrounds the atrioventricular
node by glycogen-filled myocytes is speculated to be
a mechanism for accessory conduction pathways in
PRKAG2 mutations, another disorder associated with
glycogen storage and dysfunctional autophagy.’**
High-degree heart block or sinus node dysfunction
requiring pacemaker implantation is also highly
prevalent and is reported to be between 35% and
50%."" Bradyarrhythmias may either be present at
diagnosis (sometimes concomitantly with pre-
excitation) or evolve at a later stage of the disease.
Cardiac arrest and sudden arrhythmia death may be
the first disease presentation in both sexes. Finally,
intraventricular conduction disturbances and malig-
nant ventricular arrhythmia are common and are
frequently associated with severe hypertrophy, dis-
ease progression, and heart failure.™®

Skeletal muscle. Manifestations of skeletal muscle
myopathy are usually mild, with weakness reported
predominantly in proximal muscles, including pelvic
girdle and axial muscles.?® Additional symptoms can
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TABLE 1 Danon Disease Is a Multisystem Disorder With Reported Clinical Dysfunction in
Various Physiological Systems

System Symptoms and Signs Diagnostics
Cardiac e Severe and progressive cardiac e Electrocardiogram
hypertrophy; may present/evolve e Echocardiogram
to dilated, hypokinetic LV ¢ CMR

o Arrhythmias: atrial fibrillation, Event monitor
ventricular tachycardia/fibrillation; e Laboratory tests: natriuretic pep-
pre-excitation; 1st-, 2nd-, and tides, troponin
3rd-degree heart block and sinus
node dysfunction

Skeletal e Proximal muscle weakness e Electromyography
e Myalgias e Functional assessments
e Timed tests
e Laboratory tests: CPK, AST, ALT
Neurocognitive e Learning disabilities o Developmental assessment
e Mild cognitive deficits
Psychiatric e Anxiety
e Mood disorders
Visual e Retinopathy o Ophthalmic and retinal examination
o Electroretinogram
Gastrointestinal e Hepatomegaly e Laboratory tests: AST, ALT, GGT,

o Elevated liver enzymes LDH, alkaline phosphatase

JACC VOL. 82, NO. 16, 2023
OCTOBER 17, 2023:1628-1647

Retinopathy. Vision impairment, mainly pigmen-
tary retinopathy and myopia, have been classically
described in patients with Danon disease, with male
individuals disproportionately affected compared
with female individuals despite the prevalence of eye
abnormalities in Danon disease being highly variable
across series.®*° These visual deficits are often of no
clinical significance but may be demonstrated by
specific testing. The mechanisms for ophthalmologic
disease include loss of retinal pigment in the retinal
epithelium and cone-rod dystrophy.>1:31:32
Gastrointestinal involvement. Hepatomegaly has
been reported and may occur in conjunction with
elevated transaminases without hepatic synthetic
dysfunction, which may be more indicative of myo-
cyte and skeletal muscle involvement and not hepa-
tocellular injury.'* Patients with advanced heart
failure may experience congestive hepatopathy.

CRITERIA FOR DIAGNOSIS

ALT = alanine transaminase; AST = aspartate transferase; CMR = cardiac magnetic resonance; CPK = creatine
phosphokinase; GGT = gamma-glutamyl transferase; HCM = hypertrophic cardiomyopathy; LDH = lactate
dehydrogenase; LV = left ventricle.

be nonspecific and include myalgias and decreased
exercise capacity. Objective functional assessments,
including timed tests, 6-minute walk tests, and car-
diopulmonary exercise testing, along with electro-
myography testing, can be helpful for diagnosis and
surveillance. Creatine kinase and transaminase levels
are typically elevated in male individuals, suggesting
ongoing myocyte injury.® Skeletal muscle manifesta-
tions may be aggravated by strenuous exercise,
certain drugs, and other myopathic stimuli/
conditions.

Cognitive and psychiatric signs and symptoms. Mild
cognitive impairment and learning difficulties have
been reported in at least 80% of affected male in-
dividuals and between 6% and 47% of female pa-
tients.®?” Psychiatric disorders can be subtle and
range from behavioral abnormalities to mood and
anxiety disorders, with 1 case series reporting an
incidence of 69%.”” Young individuals with the dis-
ease often carry the diagnosis of attention deficit
disorder before receiving a definitive diagnosis of
Danon disease. Embolic strokes from intracardiac
thrombi, in the setting of depressed left ventricular
function, apical aneurysms, or atrial fibrillation or
flutter can also occur. For these reasons, in cases of
acute neurologic changes, neurologic imaging and
transthoracic echocardiography with contrast mate-
rial and/or transesophageal echocardiography should
be obtained to rule out intracardiac thrombi.?*-2°

Family history of a cardiomyopathy with an X-linked
hereditary pattern and multiorgan dysfunction that
includes neurocognitive deficits, skeletal myopathy,
and visual involvement is suggestive of Danon dis-
ease. In addition to further phenotypic testing that
includes the aforementioned diagnostics, confirma-
tory genetic testing is critical for diagnosis. Skeletal
and myocardial tissue biopsies can be performed in
circumstances when variants of unknown signifi-
cance are identified in genetic testing and there is
diagnostic uncertainty. Although not widely avail-
able, functional gene protein assays such as flow
cytometry testing and immunohistochemistry of pe-
ripheral leukocytes and immunofluorescence and
western blot on skeletal and myocardial tissue can be
used to quantify LAMP-2 protein expression and
identify patients for genetic testing.>*> Additionally,
because some rearrangements and copy-number
variants in the LAMP2 gene may be missed by next-
generation sequencing, if the result of genetic
testing is negative and suspicion for Danon disease
persists, then expression of LAMP-2 on leukocytes or
on tissue obtained by biopsy should be performed as
described earlier.

Given variable age- and sex-dependent penetrance
and expressivity of Danon disease, clinical diagnoses
should be confirmed by genetic testing (Figure 2). All
patients with suspected Danon disease should un-
dergo genetic testing. For individuals who carry
pathogenic or likely pathogenic LAMP2 variants,
diagnosis with clinical disease depends on the pres-
ence of cardiac, neuromuscular, or cognitive features
of disease. Owing to the high penetrance of disease in
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FIGURE 2 Diagnostic Algorithm for Clinical Danon Disease

LAMP2 mutation (pathogenic or likely pathogenic)*
+

Males: A or B or C; Females: A only

A: Objective cardiovascular abnormality defined as any:
» LVH: interventricular septal and posterior wall thickness
o age <18 y: z-score 22
o age 218 y: 21.3 cm
e LVEF <50%
« Electrocardiogram abnormalities:
o history of AF or AFL, VT, VF, or sudden cardiac death
o repolarization abnormalities, LVH/RVH, AV block
o pre-excitation pattern due to Wolff-Parkinson-White or fasciculoventricular pathways
+ Late gadolinium enhancement on cardiac MRI
B: Muscle abnormalities defined by any:
« Abnormal EMG, functional assessment (CPET, 6MWT), or timed tests
* Elevated CPK, AST, or ALT (>2 SD above the upper limit of normal)
C: Intellectual disability, attention deficit disorder, or developmental delay

The diagnostic algorithm for Danon disease incorporates genetics, sex, and clinical features. *In patients with a LAMP2 VUS: Cardiovascular
abnormality + family history with: 1- presence of autophagic vacuoles with unique sarcolemmal features in myocytes on histology or

2- aberrant LAMP2 gene expression detected via mRNA or cDNA sequencing or absent/deficient LAMP2 expression in blood, leukocytes or
skeletal/cardiac tissue is suggestive of clinical Danon disease. 6BMWT = 6-minute walk test; AF = atrial fibrillation; AFL = atrial flutter;
ALT = alanine aminotransferase; AST = aspartate aminotransferase; AV = atrioventricular; CPET = cardiopulmonary exercise test;

CPK = creatine phosphokinase; EMG = electromyogram; LVEF = left ventricular ejection fraction; LVH = left ventricular hypertrophy;

MRI = magnetic resonance imaging; RVH = right ventricular hypertrophy; VF = ventricular fibrillation; VT = ventricular tachycardia.

male Danon patients with LAMP2 mutations, extrac-
ardiac symptoms in male individuals automatically
qualify them as having Danon disease. This is in
contrast to female individuals, where penetrance is
lower and thus, diagnosis requires the presence of
cardiac manifestations. In patients with a LAMP2
variant of unknown significance, regardless of sex,
diagnosis requires RNA analysis to demonstrate
radical defects or absence of LAMP-2 protein as
determined by either leukocyte flow cytometry or
tissue analysis. Supporting evidence includes cellular
histologic analysis showing autophagic vacuoles with
unique sarcolemmal features, as well as an X-linked
inheritance pattern, and confirming a de novo muta-
tion in the absence of a family history of
diseases.'>:24-36:37

DIFFERENTIAL DIAGNOSIS. Danon disease is part of
the differential diagnosis in conditions exhibiting
early-onset cardiac hypertrophy (Table 2). In male
patients, the severity of LVH in children and adoles-
cents, as well as the prominent extracardiac

phenotype, may strongly guide clinical suspicion to-
ward the diagnosis. By contrast, women may present
with an isolated cardiomyopathy that includes pre-
excitation arrhythmias and resembles either a sarco-
meric hypertrophic or a dilated phenotype.® In the
absence of an affected male in the family, mis-
diagnoses may occur in the absence of genetic
testing. The evaluation of suspected Danon disease
should, as with other cardiomyopathies, include a
detailed family history (Figure 3). Clues to a Danon
disease diagnosis include X-linked dominant trans-
mission and male individuals being generally more
severely affected than female individuals. Although
de novo LAMP2 mutations may occur, resulting in no
contributory family history, male-to-male trans-
mission or female-to-all-offspring patterns suggestive
of mitochondrial disease should prompt consider-
ation of other diagnoses. Differential diagnoses
should include the following:

PRKAG2-related disease. PRKAG2 (gamma-2 reg-
ulatory subunit of AMP-activated protein kinase)

Hong et al
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TABLE 2 Differential Diagnosis of Danon Disease vs Other Diseases With Hypertrophic Phenotype

Extracardiac

Differences From

Disease Genetic Variant Cardiac Features ECG Features Treatment Danon Disease
Sarcomeric HCM e Sarcomeric protein e Left ventricular e LVH pattern with None Left ventricular e Pattern of hypertro-
gene variants hypertrophy: repolarization outflow tract phy usually
o MYH7: most com- o Asymmetric septal changes obstruction: asymmetric
mon in infant/ o Apical e T wave o Medications: beta- e Ventricular
childhood o Concentric inversion blockers, non- pre-excitation is
o MYBPC3: most e Left ventricular e Left anterior dihydropyridine rare
common in outflow tract obstruc- fascicular calcium-channel e Slower disease
adulthood tion (up to two thirds block blockers, progression
e Autosomal dominant of patients) e Q waves disopyramide,
e Onset: infancy, o Mitral valve mavacamten
childhood, adulthood abnormalities: o Septal reduction
o Elongated therapies: myectomy
anterior leaflet and alcohol septal
o Papillary muscles ablation.
abnormalities e Supportive care
o Accessory and
slack mitral valve
chords
e Hypercontractility
e Anatomically narrowed
left ventricular outflow
tract
o Atrial fibrillation
e Ventricular arrhythmias
o Persistent natriuretic and/
or troponin elevation may
be detected
PRKAG2 e Pathogenic variants e Left ventricular e High QRS e CPK may be slightly Supportive care e AV block is more
in the PRKAG2 gene hypertrophy voltage increased common compared
that encode the o Atrial fibrillation e Repolarization e Myopathy seldom with Danon disease
adenosine e AV block abnormalities reported e Less severe left
monophosphate- e Ventricular ventricular
activated protein pre-excitation hypertrophy
kinase gamma 2 e Bundle branch
regulatory subunit blocks
e Autosomal dominant
e Onset: childhood,
adulthood
Friedreich ataxia e Large triplet expan- e Left ventricular e Left ventricular e Progressive ataxia Supportive care o Different
sion in intron 1 of the  concentric hypertrophy hypertrophy e Spasticity extracardiac
human FRDA gene e Atrial arrhythmias e T wave e Sensory neuropathy manifestations
(FXN) e Progressive heart inversion e Scoliosis e Less severe
e Autosomal recessive failure e Pathological e Foot deformity left ventricular
e Onset: childhood, Q waves (pes cavus) hypertrophy
adulthood o Diabetes mellitus
e Dysarthria
e Muscle weakness in
lower limbs
Pompe disease e Pathogenic variants in e In infancy: e High QRS e Ininfants: e Enzyme replacement ¢ Infant onset have
acid a-glucosidase o Severe left ventricu-  voltage o Muscular hypotonia therapy severe cardiac and

extracardiac

leading to lysosomal
glycogen accumulation
Autosomal recessive
Onset: infancy, child-
hood, adulthood

lar hypertrophy .

o Left ventricular
outflow tract
obstruction

Heart failure associated

with hypokinetic
hypertrophic
cardiomyopathy

Milder phenotypes in
childhood and adulthood
onset

Repolarization
abnormalities
Ventricular
pre-excitation e
Bundle branch
blocks .
AV block

(floppy baby) .

o Macroglossia

o Hepatomegaly
Delayed motor
milestones

Frequent respiratory
infections

In adults proximal
muscle weakness (limb
girdle dystrophy)
Increased serum AST,
ALT, CPK, LDH

Supportive care

involvement

e Childhood and
adulthood onset
have a less severe
cardiomyopathy

Continued on the next page

mutations can cause dysregulation of adenosine
monophosphate kinase, which eventually leads to
myocyte hypertrophy and the accumulation of vacu-
oles with glycogen stores.>® The inheritance pattern
in PRKAG2 families is autosomal dominant. However,
the combination of early-onset cardiac hypertrophy

and pre-excitation makes PRKAG2 disease relevant to
the differential diagnosis of Danon disease.

In a recent multicenter study, 90 patients with
PRKAG2 genetic variants, including 24 nonaffected
carriers, were described.>®* Among the affected pa-
tients, 56% were male, the median age at first
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TABLE 2 Continued

Extracardiac

Differences From

Disease Genetic Variant Cardiac Features ECG Features Treatment Danon Disease
Mitochondrial e Pathogenic variants e Left ventricular e Short PR or o Bilateral sensorineural ¢ Dietary supplements: o Different extracardiac
diseases in mtDNA or nuclear hypertrophy pre-excitation deafness carnitine, thiamine, manifestations
DNA encoding mito- e Evolution to systolic e Leftventricular e Retinitis pigmentosa/ Q10 enzyme e Less severe left
chondrial proteins dysfunction more hypertrophy optic atrophy e Supportive care ventricular
e Inheritance: common compared e Repolarization e Diabetes mellitus hypertrophy
o mtDNA: with sarcomeric HCM abnormalities e Palpebral ptosis
matrilinear o Dilated cardiomyopathy ¢ WPW e Lactic acidosis
o Nuclear DNA: (less common) syndrome e Increased CPK, AST,
variable e AV block ALT, LDH, lactate
e Onset: infancy,
childhood, adulthood
Rasopathies e Pathogenic variants e Pulmonary valve e Extreme right- e Short stature Supportive care Frequently associated
in genes encoding stenosis axis deviation e Facial abnormalities: with congenital
proteins involved in e Atrioventricular septal ¢ Bundle branch o Short and heart disease and
the RAS/mitogen- defect blocks depressed nasal left ventricular
activated protein e Atrial septal defect e Prolonged QT root outflow tract
kinase (MAPK) e Left ventricular e T-wave o Low-set ears obstruction
pathway hypertrophy inversion o Hypertelorism
e Autosomal dominant e Left ventricular e Dermatological
e Onset: infancy outflow tract obstruc- abnormalities:
tion due to: o Lentigines
o Displaced papillary (Noonan syndrome
muscles with multiple len-
o Longer anterior tigines, LEOPARD
mitral valve leaflet syndrome)
o Anomalous insertion o Cafe-au-lait spots
of mitral chordae e Hematopoietic,
o Hyperdynamic left gastrointestinal,
ventricle neurologic, and
o Subaortic fibrous endocrine
tissue involvement
e Right ventricular e Sensorineural
hypertrophy deafness
e Right ventricular
outflow tract
obstruction
e Coronary artery
abnormalities
e Diastolic dysfunction
e Atrial arrhythmias
Fabry disease e Pathogenic variants e Cardiac hypertrophy e Left ventricu- ¢ Neuropathic pain e Enzyme replacement ¢ Adult-onset
in the GLA gene after 3rd-4th decade lar o Febrile crisis therapy cardiomyopathy
encoding a-galacto- o Concentric (most hypertrophy e Gastrointestinal: e Chaperone therapy e Different extracardiac
sidase A gene causing common) e Short PR o Diarrhea involvement
accumulation of o Asymmetric septal e Right bundle o Constipation
glycolipids o Apical branch block e Angiokeratomas
o X-linked e AV block e ST-segment e Ophthalmologic:
e Onset: childhood, e Atrial and ventricular depression and o Cornea veriticillata
adulthood arrhythmias T-wave o Cataracts
e Microvascular angina inversion e Hypo/ hyperhidrosis
e Fatigue
e Neurological:
o Stroke
o White matter
lesions
e Hearing loss
e Renal:
Microalbuminuria,
proteinuria,
chronic kidney
disease

AV = atrioventricular; mtDNA = mitochondrial DNA; WPW = Wolff-Parkinson-White; other abbreviations as in Table 1.

evaluation was 37 years (IQR: 18-50 years), and LVH
was significant, with a mean myocardial wall thick-
ness of 20 + 8 mm. Sixty-four percent had LVH on
ECG, and 32% had left or right bundle branch block.
This condition was associated with a high prevalence
of arrhythmias, with 57% of patients having a pre-

excitation pattern or requiring accessory pathway
ablation, and 14% experienced atrial fibrillation with
a prevalence of 29% after 6 years (IQR: 2.3-13.9 years)
of follow-up care, with a median age at onset of 43
years. Nineteen percent had a pacemaker implanted
at first evaluation, and 15 patients (21%) required an
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implant during follow-up care, with a median age at
implantation of 36 years and a final prevalence of
35%. Twenty-five percent of patients had received an
implantable cardioverter-defibrillator (ICD) at last
evaluation, 5 of them for secondary prevention. The
disease progression of this condition was milder and
less abrupt than that of Danon disease, with 15%
experiencing systolic dysfunction with an ejection
fraction <50%, 4% requiring heart transplantation,
and 6% dying of sudden cardiac death or end-stage
heart failure. Patients with greater baseline mean
wall thickness and lower left ventricular ejection
fraction were at higher risk for adverse events. Unlike
in Danon disease, muscle weakness or myalgia was
seldom reported in PRKAG2 (2% of patients),
although 21% had mildly elevated creatine kinase
levels. Additionally, PRKAG2 disease does not cause
retinal disease or intellectual impairment.

Pompe disease. Pompe disease is an autosomal
recessive genetic disorder caused by pathogenetic
variants in the gene encoding acid a-glucosidase
(GAA), leading to lysosomal glycogen accumulation
mostly in skeletal and cardiac muscles. The pheno-
typic expression depends on the residual enzymatic
activity, which is low in patients presenting at in-
fancy and higher in patients presenting later in life.*°
The infantile form is characterized by muscular hy-
potonia (floppy baby), macroglossia, hepatomegaly,
and severe LVH that may be associated with left
ventricular outflow tract obstruction. On ECG, high
QRS voltage, pre-excitation patterns, repolarization
abnormalities, bundle branch blocks, and atrioven-
tricular blocks may be present. Childhood-onset pa-
tients present with a phenotype characterized by
muscle weakness and a less severe form of cardio-
myopathy,
where cardiac involvement is infrequent and mani-
festations are predominantly progressive skeletal and
respiratory muscular failure.*' The disease course is
favorably influenced by enzyme replacement thera-

compared with adult-onset patients,

pies, and novel gene-therapy approaches are being
explored.

Mitochondrial cardiomyopathy. Mitochondrial diseases
(MDs) are heterogeneous conditions that affect
mainly tissues that demand high energy, such as the
nervous system, myocardium, skeletal muscles, kid-
neys, and endocrine system. Pathogenic variants in
mitochondrial genes, encoded by mitochondrial or
nuclear DNA, may be responsible for its phenotype.*”
Mitochondrial DNA (mtDNA) is transmitted in a
matrilinear pattern; therefore, wild-type and mutant
mtDNA may coexist in the same tissue, a condition
termed heteroplasmy. The mutant mtDNA load may
vary between organs, explaining the high degree of
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clinical variability. Although the degree of hetero-
plasmy in female cardiomyocytes can be hypothe-
sized to influence clinical cardiac severity in female
individuals, this concept has not been well studied or
confirmed with formal biopsy studies. Cardiac hy-
pertrophy is a common cardiac phenotype manifes-
tation, present in =40% of patients, and the evolution
to systolic dysfunction is not infrequent.**> On ECG,
short PR or pre-excitation patterns, signs of LVH, and
repolarization abnormalities may be found.
Arrhythmic complications include Wolff-Parkinson-
White syndrome (around 15% of patients with
mitochondrial encephalopathy lactic acidosis and
stroke-life episodes and myoclonic epilepsy with
ragged-red fibers syndromes) and atrioventricular
conduction disease, mostly in Kearns-Sayre syn-
drome.** Pediatric patients with cardiac involvement
have an unfavorable prognosis, with a mortality rate
of nearly 80% by 16 years of age.** Conversely, in a
cohort of 260 adults, only 5% had a major adverse
cardiac event after a mean of 7 years of follow-up
care, including sudden death, resuscitated cardiac
arrest, death due to heart failure, or heart trans-
plantation.*> This suggests that age-related pene-
trance is related to disease severity and outcomes. As
with to Danon disease, patients with MDs may have
cognitive impairment, although often more severe
than that of Danon disease. Treatments include di-
etary supplementation and supportive care.

Friedreich ataxia. Friedreich ataxia is an autosomal
recessive, multisystem disease, with the clinical pic-
ture dominated by progressive ataxia, spasticity, and
sensory neuropathy, followed by diabetes and hy-
pertrophic cardiomyopathy. It is due to GAA sequence
expansion in the FXN gene, encoding frataxin, a
mitochondrial protein. Impaired frataxin leads to
impaired mitochondrial oxidative phosphorylation,
deficient iron-sulfur cluster enzymes, and mitochon-
drial iron overload. In a cohort of 78 children with
Friedreich ataxia-associated hypertrophic cardiomy-
opathy, the mean age at diagnosis was 10 + 3 years
and concentric LVH was present, with a mean left
ventricular wall thickness of 12.8 + 2.6 mm. On ECG,
64% had LVH, 73% had T-wave inversions, and 27%
had pathological Q waves. After a median follow-up
period of 5.1 years (IQR: 2.4-7.3 years), 16% had
atrial arrhythmias and 11% died, although none had
died of sudden cardiac death. Freedom from death or
transplantation at 5 and 10 years was 97% and 81%
respectively, comparable with that of nonsyndromic
hypertrophic cardiomyopathy.”® In a cohort of
138 adult patients with Friedreich ataxia (mean age:
31 + 10 years), survival after 20 years of follow-up
care was approximately 80%, with a mean age at
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FIGURE 3 Pedigree of Family With a Pathogenic Variant in LAMP2 Gene

" O

1 2

individuals.

Pedigree of 3 generations of a family with Danon disease that demonstrates its X-linked dominant inheritance pattern. Black symbols indicate
affected subjects; white symbols indicate unaffected subjects. I11-3 is the proband (arrow) for this family. Slashed figures indicate deceased

death of 39 years. The most common cause of death
was progressive heart failure. Predictors of mortality
included length of GAA repeats, left ventricular
ejection fraction, and mass index. Twenty-one
percent of patients belonged to a high-risk group
with progressive systolic dysfunction.*’

Rasopathies. Rasopathies are caused by mutations
in genes encoding proteins involved in the RAS/
mitogen-activated protein kinase pathway. The most
common conditions include Noonan syndrome, car-
diofaciocutaneous syndrome, Noonan syndrome with
multiple lentigines (previously called LEOPARD syn-
drome [lentigines, electrocardiographic conduction
abnormalities, ocular hypertelorism, pulmonary ste-
nosis, abnormal genitalia, retardation of growth, and
sensorineural deafness]), and Costello syndrome.
Rasopathies are characterized by multisystemic
involvement and may present with facial dys-
morphism, short stature, dermatologic alterations
(eg, café-au-lait spots, lentigines), genitourinary ab-
normalities (eg, cryptorchidism), and hematopoietic,
gastrointestinal, neurologic, and endocrine diseases.
The most frequent cardiovascular manifestations
include congenital heart disease (pulmonary valve
stenosis, atrioventricular septal defect, atrial septal
defect) and cardiac hypertrophy diagnosed during
infancy (mean age at diagnosis: 6 months).*® The
prevalence of hypertrophic cardiomyopathy is 80% in
Noonan syndrome with multiple lentigines, 65% in
Costello syndrome, 40% in cardiofaciocutaneous
syndrome, and 20% to 25% in Noonan syndrome.
In rasopathies, left ventricular outflow tract obstruc-
tion is common and is associated with multiple

cardiovascular abnormalities including displaced
papillary muscles, longer anterior mitral valve leaflet,
anomalous insertion of mitral chordae, hyperdynamic
left ventricle, and subaortic fibrous tissue. Patients
may also present with biventricular hypertrophy,
right ventricular outflow tract obstruction, and coro-
nary artery abnormalities. On ECG, extreme right-axis
deviation, bundle branch blocks, prolonged QT, T-
wave inversion, and atrial arrhythmias may be seen.
In a small subset of patients (5% to 10%), the pre-
sentation is severe heart failure, and in other cases
clinical status may improve over time with progres-
sive reduction of LVH and lower risk of sudden car-
diac death compared with sarcomeric hypertrophic
cardiomyopathy.*°

Fabry disease. Cardiac hypertrophy due to Fabry
disease, caused by genetic defects resulting in defi-
ciency of a-galactosidase A enzyme activity (GLA
gene XQg22.1), is rare in children and adolescents, in
whom extracardiac manifestations like febrile crisis,
gastrointestinal symptoms, hypo/hyperhidrosis, and
neuropathic pain predominate.”® Cardiac involve-
ment appears in the third to fourth decades and later,
with a hypertrophic phenotype characterized by
biventricular hypertrophy that involves the papillary
muscles, valvular thickening, and diastolic dysfunc-
tion.”" As such, Fabry disease, which also displays
X-linked inheritance, can be considered in a differ-
ential diagnosis with Danon disease in male in-
dividuals. Cardiac complications include heart
failure, microvascular angina, atrial or ventricular
arrhythmias, atrioventricular conduction disease,
and chronotropic incompetence.”’ Renal impairment
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and angiokeratoma corporis diffusum are also
frequently detected in adult male individuals with

Fabry disease.

Sarcomeric hypertrophic cardiomyopathy. Sarcomeric hy-
pertrophic cardiomyopathy has an age-related pene-
trance with 3 peaks in age at onset, the first in infancy
(<1 year), the second in the teenage and early adult-
hood years, and the third in mid-adulthood. Although
the onset of the phenotype may occur in a relatively
short time, progression toward massive LVH and
systolic dysfunction is uncommon (<10%) and should
raise suspicion of a rare genocopy such as Danon
disease. The disease phenotype ranges from mild to
extreme LVH at any age and is only partially
explained by genotypic variability, inasmuch as
phenotypic variance is observable also among the
same mutation carriers within the same family.>* Data
from the Sarcomeric Human Cardiomyopathy Regis-
try show that patients receiving a diagnosis during
infancy present a higher risk of morbidity and mor-
tality than do patients receiving a diagnosis in
childhood (1-18 years); however, surviving patents
with infant-onset hypertrophic cardiomyopathy had a
lower risk of adverse events (heart failure, ventricular
arrhythmias, atrial fibrillation) than did those
receiving a diagnosis in childhood. Furthermore, pa-
tients with childhood-onset hypertrophic cardiomy-
opathy showed a higher risk of life-threatening
ventricular arrhythmias (HR: 1.36; 95% CI: 1.03-1.8)
and need for advanced heart failure therapy (trans-
plantation, ventricular assist device; HR: 1.99;
95% CI: 1.23-3.23) compared with patients receiving a
diagnosis as adults. Patients receiving a diagnosis in
adulthood were less likely to have a pathogenic/likely
pathogenic variant and had a greater risk for the
development of atrial fibrillation than did patients
receiving a diagnosis as children.”®> The rate of
adverse events in patients receiving a diagnosis in
childhood was 2% per year; early events included
mostly ventricular arrhythmias, and later events were
more frequently related to heart failure and atrial
fibrillation. Notably, the ECG does not invariably
show striking abnormalities, as in Danon disease, and
instead may only be mildly abnormal. Additionally,
pre-excitation is rare and bradyarrhythmias are less
frequent in hypertrophic cardiomyopathy.

GENETIC DIAGNOSIS. Candidate gene testing of a
panel of cardiomyopathy genes is an integral part of
evaluating the condition of individuals with hypertrophic
and other forms of nonischemic cardiomyopathy.>*>°

Genetic testing for pediatric patients. Genetic
testing should be strongly considered for any in-
dividuals in a pediatric clinical setting who meet
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clinical diagnostic criteria suggestive of Danon dis-
ease (Table 3). The presence of =1 of the commonly
associated clinical features, such as hypertrophic
cardiomyopathy or pre-excitation, muscle weakness,
or elevation in creatinine phosphokinase and trans-
aminases, cognitive or intellectual impairment, and
an observed X-linked inheritance pattern, should in-
crease suspicion for Danon disease. Because of
skewed X-inactivation, female individuals are less
likely to display the characteristic phenotypic fea-
tures of this disorder; despite this, a significant
number of affected female individuals have been re-
ported in the literature.®?>°®57 For this reason, fe-
male sex should not be a factor that precludes an
individual who meets the appropriate clinical criteria
from genetic analysis.

Genetic testing for adult patients. The estimated
prevalence of individuals with hypertrophic cardio-
myopathy who have an identifiable likely pathogenic
or pathogenic variant in the LAMP2 gene is 1% to
4%."5% Notably, the prevalence of Danon disease
increases to 17% in individuals with both hypertro-
phic cardiomyopathy and pre-excitation.”® LAMP2
defects rarely mimic dilated cardiomyopathy, espe-
cially in women.?*°° This reinforces the inclusion of
LAMP2 on multigene panels for common inherited
cardiomyopathy for both adult and pediatric
populations.

Familial cascade testing. Genetic testing for rela-
tives of an individual affected by Danon disease is
imperative for proper risk assessment and determi-
nation of recurrence risk. For male individuals iden-
tified to have a pathogenic or likely pathogenic
variant in the LAMP2 gene, only genetic testing of the
patient’s mother is required because the affected X
chromosome is inherited maternally. Negative
maternal genetic test results in these cases are most
compatible with a de novo mutation in the affected
son, although a residual risk of maternal germline
mosaicism may exist. This is not the case for affected
female individuals, and both parents should be tested
once a pathogenic variant is identified in the affected
proband. Testing for the affected individual’s female
parent is imperative, regardless of the sex of the
affected individual, to determine her carrier status
and/or risk for health complications secondary to an
identified disease-causing variant. Mothers who are
identified to carry the same pathogenic variant will
have a 50% chance of passing on this variant to
existing or future offspring. Male individuals with
Danon disease could theoretically pass a LAMP2 mu-
tation to all their daughters. However, in practical
terms, male individuals with Danon disease are often
too medically sick to father children.
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Individuals may be identified to be affected by
Danon disease as the result of a de novo pathogenic
variant in the LAMP2 gene, meaning that neither
parent was found to carry the same disease-causing
variant. The estimated de novo rate for this condi-
tion is high (=40%), reflecting its malignant nature
and a negative effect on reproduction. Cases of
germline mosaicism have also been described.”'>3*

Improvements to treatment and management,
especially for male individuals affected by Danon
disease, mean that the reproductive risk for patients
should be addressed. Genetic counseling should be
offered to all affected families to ensure they are
aware of the inheritance pattern, reproductive risks,
and technologies available to those who wish to
pursue further testing before, during, and after
pregnancy. This risk for other relatives within a pro-
band’s family is largely determined by the genetic
testing status of the proband’s parents.
Recommended genetic testing panel(s). The
majority of reported cases of Danon disease are
associated with nonsense, frameshift, splicing, and
small indel variants detected in the LAMP2 gene, ac-
counting for approximately 95% of all pathogenic and
likely pathogenic variants detected.>** A small pro-
portion of affected individuals have copy number
variants, which include the LAMP2 gene in the form
of large deletions, duplications, and structural rear-
rangements.'>®"® Emerging literature reports sug-
gest that the number of copy number variants
detected in association with Danon disease may
appear to be lower because of under-testing of female
patients as well as those with large deletions
including many genes that may result in a more se-
vere clinical phenotype.®

Given the high genetic testing yield in the LAMP2
gene for individuals who meet the clinical diagnostic
criteria for Danon disease, sequencing of this gene
alone may seem sufficient to achieve a diagnosis.
However, it is imperative that clinicians also consider
the less common copy number variants, which may
be causative, and ensure that gene targeted deletion/
duplication analysis is also performed. Sequencing
with deletion/duplication analysis is the industry
standard for most commercial laboratories at this
time. A multigene next-generation sequencing panel
is the rule when an individual’s disease presentation
is atypical, especially when one presents with iso-
lated hypertrophic cardiomyopathy at <15 years of
age. Inclusion of other common causes of hypertro-
phic cardiomyopathy, such as sarcomere genes (eg,
MYH7, MYBPC3, TNNT2, TNNI3) and syndromic
genocopies of hypertrophic cardiomyopathy (as
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TABLE 3 Clinical “Red Flags” That Should Raise Suspicion of Danon Disease
in an Individual With HCM

Extracardiac
X-linked inheritance
Developmental delay
Pigmentary retinopathy
Skeletal myopathy
Elevated serum CK
Cardiac
ECG Short PR interval/ventricular pre-excitation
AV block
Voltage criteria for extreme LVH
Echocardiography Extreme LVH

Concentric distribution of LVH (especially in male
individuals)

Concomitant RVH

Rapid progression (including progression to hypokinetic
dilated phase)

CMR Extensive LGE with sparing of the midseptum

Adapted from Rapezzi et al.”’

CK = creatine kinase; CMR = cardiac magnetic resonance; ECG = electrocardiogram; LGE = late
gadolinium enhancement; LVH = left ventricular hypertrophy; RVH = right ventricular hyper-
trophy; other abbreviations as in Tables 1 and 2.

mentioned earlier) is a common practice, especially if
diagnostic criteria are not definitively met in an
affected individual.

NATURAL HISTORY

PENETRANCE. Disease penetrance is likely 100% in
both sexes. However, because female individuals are
heterozygous for the mutation, whereas male in-
dividuals are hemizygous, the disease ordinarily
manifests at an earlier age in male than in female
individuals (Figure 4). Furthermore, disease expres-
sion is also less predictable in female individuals,
with cardiac manifestations making up the dominant
disease features and extracardiac involvement being
more variable. Heterogenous penetrance and ex-
pressivity in female individuals is thought to be due
to skewed X-chromosome inactivation and functional
mosaicism of LAMP-2 expression.'*°® Additionally,
more than one third of Danon disease cases are
de novo mutations.

SEX DIFFERENCES IN CLINICAL COURSE AND
OUTCOME. Male individuals with Danon disease
experience symptoms approximately 15 years earlier
than do female individuals, with diagnosis occurring
in their childhood or adolescence.®’® Male in-
dividuals typically manifest with a severe hypertro-
phic cardiomyopathy that progresses to end-stage in
the second or third decade of life, whereas female
individuals can present with either a hypertrophic or
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FIGURE 4 Median Age of Symptom Onset in Danon Disease by Sex
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and dilated cardiomyopathy a later presentation.

Median presenting age with IQR of clinical characteristics and outcomes by sex. *Hypertrophic cardiomyopathy may be an earlier presentation

dilated cardiomyopathy that progresses more slowly,
reaching the end stage a full decade or later than in
male individuals.”-%7

Interestingly, although male individuals experi-
ence heart failure decades before female individuals
do, a recent international registry of Danon patients
who had undergone transplantation found early and
equivalent ages at time of transplantation for both
sexes.®%-°® Specifically, the median age for trans-
plantation in this cohort was 20.2 years.®® In an un-
published subanalysis of the same data that stratified
by transplantation age groups <25 years old and =25
years old, comparison of median age in these 2 groups
revealed 2 separate age cohorts in female individuals
who had undergone transplantation: those with a
median age of 16.9 years and those with a median age
of 36.6 years (personal communication, September
2021). This finding is consistent with prior de-
scriptions of a fulminant female phenotype with a
disease course that that more closely resembles male
patients with Danon disease.!?:225:69

Regarding musculoskeletal symptoms, male in-
dividuals are more likely to have symptomatic muscle
involvement with associated AST/ALT, LDH or CPK
abnormalities.” Although the prevalence and severity
of cognitive delay and psychiatric comorbidities,
including attention-deficit/hyperactivity disorder,

anxiety, and mood disorders, are greater in male in-
dividuals, female individuals could also be affected.
Vision abnormalities, such as retinopathy and
myopia, occur equally in both sexes.®?’

INITIAL EVALUATION, TREATMENT,
AND MANAGEMENT

DANON DISEASE IN CURRENT HYPERTROPHIC
CARDIOMYOPATHY GUIDELINES. Danon disease
represents a small proportion of patients included in
historical hypertrophic cardiomyopathy cohorts and
has a very distinct clinical profile. Therefore, it is
likely inappropriate to apply hypertrophic cardiomy-
opathy guidelines to patients with Danon dis-
ease.”®’° There are currently no consensus clinical
practice guidelines and assessment, and management
is largely based on expert opinion and extrapolation
from hypertrophic cardiomyopathy guidelines.
Neither the 2014 European Society of Cardiology
guidelines on hypertrophic cardiomyopathy’® nor the
2020 American Heart Association/American College
of Cardiology guidelines on hypertrophic cardiomy-
opathy®* contain any specific recommendations for
the evaluation and treatment of patients with Danon
disease, although both highlight the importance of
clinical “red flags” suggestive of Danon disease
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TABLE 4 Diagnostic Test, Typical Findings, and Surveillance Recommended in Patients With Danon Disease

Typical Findings

Frequency During Follow-Up Care

Initial evaluation

Increased T1 and ECV
Extracardiac tests
Neurologic evaluation Proximal muscle weakness
Development evaluation Intellectual disability
Ophthalmologic evaluation Cone-rod dystrophy
Peripheral pigmentation
Genetic counseling Cascade screening

Family planning

Blood tests Raised NT-proBNP/troponin Yearly
CK, AST, ALT, LDH
Cardiac tests
ECG Pre-excitation, ventricular hypertrophy, extreme Yearly
voltage, repolarization abnormalities,
conduction disease
24-h Holter Atrial fibrillation, ventricular arrhythmias Yearly
Atrioventricular block Every 6 mo if enlarged atria
Echocardiography Extreme hypertrophy Yearly
25% LVOTO
Apical sparing strain pattern
CMR Extensive and diffuse LGE with midseptal sparing Every 2-3y

Yearly if symptoms, otherwise, every 3-4 y
At baseline and if new manifestations appear
Every 3-5y

At diagnosis and when needed

other abbreviations as in Tables 1 and 3.

CMR = cardiac magnetic resonance; ECV = extracellular volume; LVOTO = left ventricular outflow tract obstruction; NT-proBNP = N-terminal pro-B type natriuretic peptide;

(Table 3) and of considering genetic testing for LAMP2
variants in those patients with a clinical suspicion.”
A recent position statement from the Italian Society
of Cardiology and the Italian Society of Paediatric
Cardiology provided specific recommendations for
the treatment of individuals with hypertrophic
cardiomyopathy associated with Danon disease,
specifically in relation to primary preventive im-
plantation of an ICD, consideration of cardiac trans-
plantation, and catheter ablation of atrioventricular
re-entry tachycardia.””

INITIAL WORK-UP AND ROUTINE FOLLOW-UP CARE
FOR DANON DISEASE. The initial work-up in an in-
dividual with Danon disease should include an
assessment of cardiac and extracardiac features.” It is
recommended that patients with Danon disease be
assessed and receive follow-up care at referral centers
where a multidisciplinary team can provide a
comprehensive management strategy. Table 4 sum-
marizes tests that should be performed at baseline
evaluation and the recommended follow-up care.

CARDIAC EVALUATION AT BASELINE. All individuals
with a diagnosis of Danon disease should undergo a
resting 12-lead ECG, echocardiogram, ambulatory
Holter monitoring, and serum N-terminal pro-B-type
natriuretic peptide (or B-type natriuretic peptide
[BNP]) levels at baseline. One of the frequent ECG
findings is pre-excitation or Wolff-Parkinson-White

syndrome, which is observed in almost one-half of
patients, sometimes preceding overt hypertro-
phy.®%'> A recent study showed that potentially
extranodal

malignant accessory pathways are

frequent among these patients,”> and consequently
electrophysiological studies and ablation should be
considered in patients with pre-excitation.”®
Frequent 24-h Holter monitoring (at least yearly or
every 6 months if the left atrium is dilated) or even
the consideration of implantable loop recorders is
recommended based on the high incidence of atrial
fibrillation and advanced atrioventricular bloc.®-° The
incidence of nonsustained ventricular arrhythmia
and its role as a predictor of sudden cardiac death is
unknown. In the experience of this panel, non-
sustained ventricular tachycardia is not rare in Danon
disease. Again, in patients with unexplained syncope
or presyncope, an implantable loop recorder or direct
implantation of an ICD seems reasonable (see sudden
cardiac death prevention, later).”*’° BNP has been
found to be elevated in progressive Danon disease,
suggesting a benefit’4’> in monitoring wall stress
biomarkers such as N-terminal pro-B-type natriuretic
peptide and/or BNP levels in these patients.®”

CMR imaging is a useful tool to evaluate cardiac
hypertrophy; furthermore, late gadolinium enhance-
ment may provide additional morphologic and func-
tional information on myocardial involvement, as
well as an assessment of the presence and degree of
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myocardial fibrosis. In Danon disease, late gadolin-
ium enhancement is frequently present with exten-
sive patchy and diffuse patterns.® A recent study in a
small cohort of patients showed that the mid-
interventricular septum is spared, suggesting this
pattern might be specific for Danon disease.”® We
recommend that CMR imaging be repeated every 2 to
3 years to monitor progression of fibrosis. In cases of
marked fibrosis (>15%), consideration for sudden
cardiac death prevention and for heart trans-
plantation referral should be made.”®

Echocardiography is the imaging test of choice
because of its availability for baseline and follow-up
imaging. Extreme concentric LVH (>30 mm) is an
echocardiographic hallmark of Danon disease, but it
is important to realize that only a minority of pa-
tients (more frequently male individuals) will exhibit
this degree of hypertrophy.® It is important to
consider that left ventricular outflow tract obstruc-
tion can be present in one quarter of patients with
Danon disease and should be actively searched for in
patients with dyspnea.® Decreased longitudinal
strain with sparing of the apex, similar to cardiac
amyloidosis, has recently emerged as a new echo-
cardiographic feature. Furthermore, reduced global
longitudinal strain values seem to predict worse
outcomes.”””’® It is critical to keep in mind that
even though cardiac hypertrophy
frequent cardiac manifestation, as mentioned previ-
ously, a dilated phenotype can be present, usually in
female individuals in the third or fourth decade of
life.8:9:15

Exercise testing with the use of treadmill ergo-
metry or cardiopulmonary exercise testing is useful
for risk stratification and to provide guidance about

is the most

physical activity. Although exercise testing has not
been formally evaluated in individuals with Danon
disease, it may be helpful for providing objective
evidence of symptoms and risk stratifying for cardiac
transplantation.”® Beyond general recommendations,
follow-up care should be tailored to patients’ needs
and clinical status. Closer follow-up care is required
in advanced stages when cardiopulmonary exercise
testing and right heart catheterization should be
scheduled to guide optimal timing for heart trans-
plantation. Degree of skeletal myopathy will deter-
mine cardiopulmonary exercise testing modality (ie,
treadmill vs cycle ergometry).

There are no guidelines specific to Danon disease to
guide the frequency of follow-up care, but given the
potential for rapid disease progression and the high
risk of ventricular arrhythmia and heart failure com-
plications, it is reasonable to recommend clinical
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cardiologic follow-up with 12-lead ECG, echocardio-
gram, and ambulatory Holter monitoring at least
annually.

EXTRACARDIAC EVALUATION AT BASELINE. Although
extracardiac involvement is more frequent and se-
vere in male individuals, female individuals can also
manifest mild or subclinical extracardiac features that
support in both
sexes.”'* Neuromuscular involvement is frequent in
male individuals and presents as progressive prox-
imal muscle weakness. Although they are usually
mild, delayed motor milestones can affect 1 in 5 male
individuals.® Neuromuscular examination to assess

a multidisciplinary approach

for signs of skeletal myopathy at initial evaluation
and during follow-up visits is recommended for
all patients.®!>3° Ophthalmologic assessment for
evidence of pigmentary retinopathy is recommended
at initial evaluation and during follow-up care in

all patients.®'>3°

Comprehensive developmental
assessment with a view to initiating early educational
support and interventions should be performed in
all male individuals with Danon disease and in
female individuals as clinically indicated. Last, 2 life
milestones should guide genetic counseling. First,
cascade genetic screening of relatives should be rec-
ommended at the time of diagnosis; second, family
planning strategies should be introduced when a pa-
tient reaches reproductive age.'* Ideally, integrated
multidisciplinary assessment and follow-up care
should be organized for these challenging patients,
along the model suggested for Fabry disease.

FOLLOW-UP CARE OF GENOTYPE-POSITIVE,
PHENOTYPE-NEGATIVE INDIVIDUALS. Given that
sex is a major determinant of age at disease onset,
surveillance of at-risk individuals (healthy carriers)
differs for male and female individuals. The median
age at onset in male individuals is approximately 14
years, whereas in female individuals it ranges be-
tween 17 and 35 years.®° Nevertheless, very early
onset in the first year of life has been described in
both sexes, although mainly in male infants.>"
Consequently, although both sexes should be
screened during infancy (first year of life), yearly
multidisciplinary follow-up care is recommended to
begin at that time in boys, whereas girls can start
annual follow-up visits around the age of 6 years.
From the cardiac perspective, laboratory tests,
12-lead ECG, and echocardiography should detect
early stages of involvement. CMR imaging might be
helpful in identifying mild phenotypes and should be
used upon clinical suspicion or when adequate
echocardiographic images are not attainable.
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CONSIDERATIONS FOR SUDDEN CARDIAC DEATH
RISK ASSESSMENT. Existing strategies for stratifying
risk in patients with hypertrophic cardiomyopathy
are based on the presence of clinical markers of
increased ventricular arrhythmia risk, either as a cu-
mulative approach®* or in the context of individual-
ized risk prediction models.®°"®2 Importantly, neither
approach has been validated in individuals with
Danon disease. Nevertheless, currently available data
support a low threshold for consideration of ICD im-
plantation in patients with Danon disease who have
severe LVH, unexplained syncope, and/or non-
sustained ventricular tachycardia.””

A subcutaneous device should be considered in
young individuals who do not require pacing, to
minimize the long-term risk of infection and vascular
complications  with  procedures. Defibrillation
threshold testing should be considered in individuals
with massive hypertrophy. And last, education to
avoid strenuous physical activity and competitive
sports is important to decrease the risk of stress-
provoked arrhythmia in those without an ICD and
the risk of arrhythmic storm in those considered to be
protected (by an ICD).

MEDICAL THERAPY. Currently, there are no available
therapies to specifically treat Danon disease. A
multidisciplinary care approach, including a cardiol-
ogy, neurology, genetics, ophthalmology, rehabilita-
tion medicine and physical therapy, should be used to
alleviate the multisystem effects of the disease.” For
the treatment of heart disease, clinical signs and
symptoms should guide the use of medications for
congestive heart failure and arrhythmias, such as di-
uretics and antiarrhythmics, with beta blockers as
first line therapies. Physical therapy and educational
support are also recommended for skeletal myopathy
and cognitive impairment, respectively.

Inasmuch as cardiomyopathy in Danon disease is
characterized by progressive fibrosis and an inadver-
tent loss of systolic function, one should consider
therapies to attenuate cardiac remodeling (ie, renin-
angiotensin-aldosterone system inhibition and
B-adrenergic blockers). Although no proof of efficacy
exists in Danon disease, a similar approach to prevent
the development of systolic dysfunction is a prevailing
practice in another X-linked malignant cardiomyopa-
thies, including Duchenne muscular dystrophy caused
by Duchenne muscular dystrophy mutations.®?

As in any pre-existing cardiac pathologic process
involving a compromise in mitochondrial function,
patients with Danon disease are expected to have
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poor tolerance to hypertension, tachycardia, and
anemia. Cardiotoxic medications and stimulants
should be avoided.

Finally, lifestyle modifications may have a role in
delaying disease progression and may have a unique
role in the vulnerable myocardium of LAMP2 muta-
tion carriers. Instructions on healthy lifestyle and
avoidance of smoking, excess alcohol consumption,
and substance abuse should be communicated to
prevent additional damage. Stimuli activating auto-
phagy such as strenuous physical activity and diet
therapy should be decreased because of a risk of
enhancing disease progression in a LAMP-2-deficient
heart.®*

HEART TRANSPLANTATION. Cardiac transplantation
may be required for those in whom end-stage car-
diomyopathy develops. Post-transplantation survival
in patients with Danon disease appears to be similar
to that in patients with other cardiomyopathies.®® In
the largest cohort (n = 38) of patients with Danon
disease who have undergone transplantation, the
post-transplant 5-year survival was 87.1%, which
supports the allocation of donor organs to this pop-
ulation.®® The prognosis is especially favorable in
Despite the presence of extracardiac
involvement including skeletal muscle disease, which
may limit rehabilitation, post-transplantation out-
comes are good. Specific considerations include the
use of steroid-sparing immunosuppressive agents to
mitigate the risk of myopathy.®® Furthermore, there
is a theoretical risk of increased cellular autophagy
with sirolimus, an mTOR inhibitor, which can worsen

women.

muscle weakness; however, this has not been

observed thus far in contemporary cohorts.®®

FUTURE DIRECTIONS: GENETIC THERAPIES
AND OTHER APPROACHES

Therapies that target the underlying genetic or mo-
lecular mechanisms of monogenic cardiomyopathies
are appealing in that they offer a therapeutic
approach that is directed to the fundamental abnor-
mality.®> Initial approaches using gene therapy to
treat heart failure that focused on common patho-
physiologic derangements considered to be central to
the disease process (as opposed to correction of a
driving genetic abnormality) had limited success.%®-%7
However, the development of more efficient viral
capsids (ie, adeno-associated viruses [AAV]) that
improve the transduction of genes into striated
muscle, and various new gene therapy strategies such
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as genome editing, exon skipping, allele-specific
silencing, spliceosome-mediated RNA trans-splicing,
and gene replacement, have revitalized the field.5%-5°
Use of cardiotropic vectors such as AAV9 have been
shown to improve uptake of genetic material into the
heart while minimizing uptake in other organs. Clin-
ical trials have begun to evaluate the efficacy of this
AAV9 gene therapy in Danon disease after preclinical
studies in mice suggested improved survival and
cardiac function after treatment with LAMP2B/AAV9
gene therapy.*°° Preliminary phase 1 clinical trial
data in pediatric and adult patients have shown
encouraging results, including evidence of LAMP2B
protein expression, significant vacuole clearance at
the tissue level, trends toward reduction in cardiac
biomarkers (ie, troponin and BNP), and improve-
ments in functional (NYHA functional classification)
and quality-of-life assessments (Kansas City Cardio-
myopathy Questionnaire). Whereas gene therapy may
ameliorate cardiac symptoms, extracardiac symptoms
including skeletal myopathy, retinal impairment, and
intellectual disability will be largely unaffected by
this therapy. Furthermore, additional challenges with
gene therapy include efficiency issues due to pre-
existing antibodies or robust immune responses that
require immunosuppressive therapy, inability to re-
treat patients if therapy fails over time, and safety
concerns about potential off-target effects.®'°>

CONCLUSIONS

Although Danon disease is rare, it is arguably the
most severe and highly penetrant of the monogenic
cardiomyopathies. Its severity underscores the
importance of LAMP-2 and its role in autophagy,
which maintains cardiac homeostasis. This is partic-
ularly relevant, given the numerous drugs associated
with impaired autophagic flux and cardiomyopathies,
such as hydroxychloroquine and anthracyclines.

The pathophysiology and extracardiac manifesta-
tions of Danon disease distinguish it from sarcomeric
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hypertrophic cardiomyopathy and other pheno-
copies. Although the condition is currently consid-
ered to be ultra-rare (2 in 100,000), the number of
patients with diagnoses may increase as genetic
testing becomes more commonly available and ther-
apies become available.

Since its first discovery as a unique autophagic

vacuolar myopathy, much has been Ilearned
regarding its pathobiology and natural history of
disease. Nonetheless, critical questions remain

regarding its clinical trajectory and management. As
reviewed, it is unclear how to evaluate the risk of
sudden cardiac death, whether goal-directed medi-
cal therapy is beneficial, and the natural history of
the disease in women. In addition, trials are
ongoing to evaluate gene therapy in Danon dis-
ease—the first attempts at gene therapy for a
monogenic cardiac disorder. Nonetheless, without
clarity regarding the natural history of the disease,
it may be challenging to identify appropriate sur-
rogates of mortality or design a trial in female in-
dividuals. In summary, although a potential cure for
Danon disease is on the horizon, further in-
vestigations are urgently needed.
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