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Abstract X-linked dilated cardiomyopathy (XLCM) was

first described in 1987 and associated with dystrophin gene

(DMD) mutations a decade later in one of the original two

families. Here we report long-term follow-up of the second

family (XLCM-2), for which a DMD mutation was never

found. Analysis of the lysosome-associated membrane

protein-2 (LAMP-2) gene detected a novel mutation, con-

firming a diagnosis of Danon disease. The broad phenotype

in this family included dilated and hypertrophic cardio-

myopathy, cardiac pre-excitation, skeletal myopathy with

high serum creatine kinase, cognitive impairment (in

males), and a pigmentary retinopathy in affected females.

Cardiac biopsy specimens showed extensive vacuolar

changes in an affected adult male. Remarkably, the skeletal

muscle biopsy in a 13-month-old mutation-carrying male

showed no vacuolization by standard histology. We con-

clude that XLCM may be the presenting sign of Danon

disease and, in the presence of a familial history of HCM,

pre-excitation, skeletal muscle involvement and retinal

pigmentary dystrophy should prompt LAMP-2 clinical

testing. Furthermore, the absence of vacuolar myopathy in

biopsies from young patients may not exclude Danon

disease.
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Introduction

X-linked dilated cardiomypathy (XLCM) was first descri-

bed by Berko and Swift in a large family characterized by

cardiomyopathy and high serum creatine-kinase (CK) in

males, and slow progression of the disease in females

(Berko and Swift 1987). Linkage to the X-chromosome

was shown in this family and a second family, XLCM-2

(Towbin et al. 1993). A dystrophin gene (DMD) mutation

was found in the larger family; a DMD mutation was not

detected in XLCM-2, which consisted of a mildly affected

mother who had three sons manifesting a dilated cardio-

myopathy phenotype (Ortiz-Lopez et al. 1997) Mutations

in another X-linked gene, lysosome-associated membrane

protein-2 (LAMP-2), are an increasingly recognized cause

of X-linked cardiomyopathy. Also known as Danon dis-

ease, the original phenotype description included a triad of

non-obstructive hypertrophic cardiomyopathy (HCM),

skeletal myopathy, and mental retardation in males (Danon

et al. 1981). Histological skeletal muscle findings mimic

those of Pompe disease, and the cardiomyopathy is most

commonly described as hypertrophic in males. However,

the phenotypic spectrum of Danon is still incompletely

understood, and the role of dilated cardiomyopathy (DCM)
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as a presenting feature in males is under-appreciated. In the

present study, we confirm the diagnosis of Danon disease

in the original XLCM-2 family, described the broad phe-

notypic manifestations within the expanded XLCM-2

pedigree, and highlight the importance of a DCM pheno-

type as a presenting sign in Danon disease.

Patients and methods

Since the original report of XLCM-2, two additional gen-

erations of relatives were available for study. Data from the

original report (Towbin et al. 1993), as well as records

obtained from our research subjects were collected under

an approved human subjects protocol, providing clinical

information on 16 family members (Table 1). Living rel-

atives seen at our center underwent the following

evaluations: medical history, physical examination, mea-

surement of serum creatinine kinase, electrocardiogram,

and echocardiograms (M-mode, 2D and color doppler),

according to standard guidelines (Mestroni et al. 1999).

Mutations in DMD were excluded by clinical testing (City

of Hope, Duarte, CA, USA) and we also excluded common

mitochondrial mutations (Institute for Molecular and

Human Genetics Molecular Diagnostic Laboratory,

Georgetown, WA, USA). Polymerase chain amplification

of the nine LAMP-2 exons was performed using the

primers reported by Nishino et al. (2000), and DNA

sequencing was performed on an ABI 377 DNA Sequencer

(Applied Biosystem, Foster City, CA, USA). A collection

of 150 ethnically similar healthy subjects were screened by

pyrosequencing (PSQ 96MA, Biotage, Foxboro, MA,

USA; primers and conditions available upon request) to

exclude the possibility of our detected mutation being a

common polymorphism. Skeletal muscle biopsy samples

from one young male (V:2; Fig. 1) and from the explanted

heart of an affected teenager (IV:7) were studied. Formalin

fixed muscle specimens were stained by hematoxylin and

eosin and trichrome, and were studied by immunohisto-

chemsitry for the presence of LAMP-2. Immunostaining

for LAMP-2 was performed on skeletal muscle exposed for

60 min to a 1:50 dilution of the H4B4 anti-human LAMP-2

antibody (Developmental Studies Hybridoma Bank, Iowa

City, IA, USA) similar to previous descriptions (Fanin

et al. 2006). Electron microscopy was performed on both

specimens.

Table 1 Clinical phenotypes of LAMP-2 mutation carriers

Shaded cells indicate data not collected/available (in case of ocular involvement, indicates no exam done; in case of genotype, indicates no DNA

was available)
a Data of deceased individuals reported by Towbin et al. (1993)

DCM dilated cardiomyopathy; HCM hypertrophic cardiomyopathy; LVEDD left ventricular end diastolic dimension; IVSD Intraventricular septal

diameter diastole; EF ejection fraction; FS fractional shortening; MM-CK creatine kinase level, muscle isoform (compared to upper limit of

normal value); + present; N negative or normal; : elevated; AF atrial fibrillation; WPW Wolff Parkinson White; ICD implantable cardiac

defibrillator; RD retinal disease; VD visual deficit reported by patient; M mutation carrier; wt wild type allele
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Results

Clinical findings

Clinical phenotypes for this family are summarized in

Table 1. The presenting phenotype in the family was

DCM, present in the female proband (II:3) and three of her

sons (III:5, III:7, III:9). One male (III:3) is listed in the

original study as having DCM, although records available

on this individual later supported a HCM phenotype

(Towbin et al. 1993). The DCM was more severe in males

who had severe dilatation and systolic dysfunction; all

succumbed to their disease in the 3rd decade and surviving

records in three showed elevated creatinine kinase levels

and skeletal muscle symptoms in one. Subsequent to the

original report, three other male relatives (III:10, IV:1,

IV:7) developed severe concentric HCM (Figs. 1, 3)

associated with Wolff–Parkinson–White syndrome

(WPW). These males also had a severe prognosis, with

progression to intractable heart failure, and death or

transplant occurring between 15 and 24 years. Three adult

women had WPW as their only cardiac manifestation.

Affected males had elevated creatinine kinase, skeletal

muscle weakness, and reported mild cognitive impairment.

In contrast to previous reports, carrier females in this

family had non-cardiac and non-skeletal muscle manifes-

tations of disease, including retinal pigmentary changes

(III:1 and IV:2) and transient visual loss. On retinal exam

of four females and one male carrying the mutation,

abnormalities of the retinal pigment epithelium were

found; this included retinal disease in two women who had

no sign of cardiac disease at the time of retinal exam.

Details of the retinal findings in this family and in another

unrelated patient have recently been published (Prall et al.

2006).

Sequence analysis of LAMP-2 revealed a novel hemi-

zygous (males) or heterozygous (females) single nucleotide

deletion in exon 8 (NM_002294.1:c.delA1219) predicting a

frameshift affecting codon 361 (NP_002286:pof length 410

amino acids) and the addition of 18 or 15 novel amino

acids to the LAMP-2A (NP_002286:pGln361SerfsX18)

and LAMP-2B (NP_002286:pGln361SerfsX15) isoform of

the LAMP-2 protein respectively. The mutation obliterates

the carboxy sequences for both the lysosomal transmem-

brane and lysosomal targeting domains, predicting that the

protein, if produced, would be unable to target to the

lysosome or integrate into the lysosomal membrane

(Nishino et al. 2000) Native LAMP-2 protein was absent

by Western blotting in lymphocytes and cardiac muscle

tissue from affected males (data not shown). The mutation

was present in all affected individuals and in obligate

carriers tested. The mutation was absent in over 300 con-

trol chromosomes, and the predicted novel amino acid

sequences distal to the frameshift mutation have no known

similarity with other described proteins or domains.

Review of a skeletal biopsy of a 13-month-old male who

carries the mutation and presented with muscle weakness

(V:2) showed only nonspecific findings and absence of

LAMP-2 protein; but evidence of abnormal vacuolization

was seen on electron microscopy (Fig. 2). Standard

immunostaining for dystrophin, merosin, and saroglycan

proteins was normal. A report of individual III:3’s muscle

biopsy noted ‘‘multiple vacuoles that occur randomly

Fig. 1 Clinical features of family HCM-004 (XLCM-2). a Males and

females are depicted by squares and circles, respectively and the

phenotypes are indicated by shading. Individuals with known LAMP-
2 mutation are indicated with a plus sign (+) under their ID number;

diagonal lines indicated deceased individuals and diamonds indicate

more than one offspring. b Electrocardiogram tracing of a female (IV-

4) carrying a LAMP-2 mutation, demonstrating a short PR interval,

delta waves and prominent voltage. c Echocardiogram images of male

carrier (IV-7). The parasternal and four-chamber views show

concentric hypertrophy involving septum, lateral and posterior left

ventricular walls (diastolic left ventricular posterior wall and septum

thickness 1.9 and 1.8, respectively) associated with severe systolic

dysfunction (left ventricular ejection fraction 27%)
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throughout the fiber and prominent autophagocytic vacu-

oles that are lined by a single membrane’’. Cardiac

histology from individual IV:7 showed severe myocyte

hypertrophy and the expected pattern of prominent vacu-

olization in the myocardium (Fig. 3).

Discussion

In this report we provide a molecular diagnosis for one of

the original XLCM families, confirming a diagnosis of

Danon disease instead of a dystrophinopathy as was ini-

tially suspected. Four presenting males in this family had

DCM (Towbin et al. 1993) instead of the ‘‘expected’’ HCM

that has been typically described in males with Danon

disease. Although DCM has been described in conjunction

with HCM in Danon disease, males are typically described

as having HCM, and we believe our family to be the first to

present with a predominant severe DCM in males. Three

recent studies have drawn attention to HCM as presenting

feature of LAMP-2 mutations, pointing out the importance

of the recognition of this disorder (Yang et al. 2005;

Charron et al. 2004; Arad et al. 2005). The DCM pheno-

type in males has been less widely described and may

account for roughly 10% of cases (Sugie et al. 2002). The

prevalence of LAMP-2 mutations in idiopathic DCM is

Fig. 2 Skeletal muscle

specimen from patient V:2 at

age 13 months. a
Photomicrograph (hematoxylin

and eosin stain) of quadriceps

muscle biopsy showing

nonspecific changes and

absence of demonstrable

vacuolization (Bar 100 lm). b
Electron micrograph

demonstrating occasional

presence of autophagic vacuoles

characteristic of Danon disease

(Bar 1 lm). c Photomicrograph

showing immunohistochemical

reactivity for LAMP-2 in

lysosomes (arrow) of positive

control specimen (Bar 100 lm).

d Photomicrograph showing

absence of reactivity for LAMP-

2 in patient V:2 (Bar 100 lm).

Note: c and d represent

formalin-fixed muscle tissues

Fig. 3 Cardiac muscle

specimen from patient IV:7 at

age 14 years. a Cross section of

explanted heart showing

biventricular hypertrophy and

fibrosis. b Photomicrograph

(trichrome stain) showing the

extensive fibrosis in blue and

the cardiomyocytes in red (Bar
100 lm). c Photomicrograph

(hematoxylin and eosin stain) of

showing extensive

vacuolization of

cardiomyocytes (Bar 100 lm).

d Electron micrograph showing

multiple autophagic vacuoles

(arrows), correlating with the

cytoplasmic vacuolization

observed by light microscopy

(Bar 1 lm)
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presently unknown and presents a diagnostic challenge, as

for Danon disease males this represents an ‘‘uncommon’’

presentation of a disease unfamiliar to most physicians.

A broad range of cardiac and extra-cardiac phenotypes

were present in XLCM-2. The presence of pre-excitation as

the sole cardiac manifestation in four women in XLCM-2

is distinct from prior reports of Danon disease where

women also had overt cardiomyopathy (Sugie et al 2002).

WPW appears to be a feature of ‘‘metabolic’’ cardiomy-

opathies, as it has also been described for Pompe and

cardiomyopathy due to AMP-activated protein kinase gene

(PRKAG2) mutations (Francesconi et al. 1982; Francesconi

and Auff 1982; Bulkley and Hutchins 1978; Murphy et al.

2005). WPW appears rare in cardiomyopathies due to

mutations in cytoskeletal or sarcomeric genes. The origin

of pre-excitation in Danon disease is unknown, but the

analogy with PRKAG2 may implicate disruption of the

annulus fibrosus by glycogen-engorged myocytes, as

observed in mouse models (Arad et al. 2003).

Females did not exhibit overt muscular dystrophy signs,

although one female reported fatigue and had a single ele-

vated creatine kinase level that returned to normal on repeat

testing. The muscle biopsy performed in the 13-month-old

male was nonspecific, and implies that light microscopic

studies of early muscle biopsy may lack diagnostic sensi-

tivity, presumably because prominent accumulation of

vacuoles has not yet occurred. In one other report, a pro-

gression of vacuolization changes was described in a male

who underwent biopsy at ages 20 months and 16 years

(Sugie et al. 2003). The data on human cardiac biopsies in

Danon disease are more limited, although severe vacuoli-

zation changes as reported here and by others mirror the

skeletal muscle findings (Nishino et al. 2000; Arad et al.

2005; Lacoste-Collin et al. 2002). In this study, electron

microscopy proved to be a more sensitive technique in the

young male’s muscle biopsy, enabling easy detection and

confident identification of the relatively few inclusions that

were already present. The absence of LAMP-2 reactivity,

demonstrated by immunohistochemical staining, provided

confirmatory evidence that these represented aberrant

autophagosomes. Learning difficulties were present in

affected males, and included difficulties performing in

school, particularly with mathematics; frank mental retar-

dation with IQ levels below 70 was not found. The retinal

disease in this family preceded overt cardiac disease in

women, and may be a specific early clinical clue to Danon

disease (Prall et al. 2006). The phenotype of mice hemi-

zygous for LAMP-2 knockout mutations has not been well-

described, and it remains unclear why hemizygous human

females should exhibit these retinal changes without other

significant signs of central nervous system involvement.

In conclusion, we have provided a molecular diagnosis

for the originally reported XLCM-2 family. In contrast to

other reports of Danon disease, the presenting phenotype in

males was a severe DCM, with the more typical HCM

phenotype manifesting in the more recent generations of

the family. In women, WPW was a prominent feature, but

extra-cardiac manifestations were also reported. The non-

specific muscle biopsy findings in a young male attest to

the limited sensitivity of light microscopy in diagnosing

Danon disease in young patients. Finally, in patients with

unexplained DCM that could be due to X-linked inheri-

tance, molecular genetic testing for LAMP-2 mutations

should be considered, especially if the family history

suggests skeletal muscle disease, WPW, cognitive delays,

or HCM.
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