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Abstract: Danon disease, an X-linked dominant cardioskeletal myopathy, is caused by primary
deficiency of lysosome-associated membrane protein-2 (LAMP-2). To clarify the clinicopathological
features and management, we performed the first nationwide, questionnaire-based survey on
Danon disease in Japan. A total of 39 patients (17 males, 22 females) from 20 families were
identified in the analysis. All patients had cardiomyopathy. Of the 21 patients who died, 20 (95%)
died of cardiac failure or sudden cardiac arrest. Most patients had hypertrophic cardiomyopathy.
Wolf-Parkinson-White syndrome was present at a comparatively high incidence (54% in males, 22% in
females). Only one female patient received a heart transplant, which is the most effective therapy.
Histopathologically, all male patients showed autophagic vacuoles with sarcolemmal features in
muscle. Half of the probands showed de novo mutations. Male patients showed completely absent
LAMP-2 expression in muscle. In contrast, female patients showed decreased LAMP-2 expression,
which is suggested to reflect LAMP-2 haploinsufficiency due to a heterozygous null mutation.
In conclusion, Danon disease is an extremely rare muscular disorder in Japan. Cardiomyopathy is the
most significant prognostic factor and the main cause of death. Our findings suggest that the present
survey can extend our understanding of the clinical features of this rare disease.

Keywords: Danon disease; lysosome-associated membrane protein-2 (LAMP-2); hypertrophic
cardiomyopathy; myopathy; autophagy; heart transplantation; cerebral infarction; autophagic
vacuoles with sarcolemmal features (AVSF); Wolf-Parkinson-White (WPW) syndrome

1. Introduction

Danon disease (MIM #300257) is an X-linked dominant cardioskeletal myopathy caused by a
primary deficiency of lysosome-associated membrane protein-2 (LAMP-2) [1,2]. LAMP-2 is a highly
glycosylated protein present on the inside of the lysosomal membrane. Although the precise functional
role of LAMP-2 remains controversial, the LAMP-2 protein is a key molecule in the final process of
autophagy that mediates the fusion between autophagosomes and lysosomes. We previously reported
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the first review article on the clinical features of 20 patients from 13 families with genetically confirmed
Danon disease in the world [2]. We revealed that Danon disease was clinically characterized by the
triad of cardiomyopathy, myopathy, and mental retardation in males, but only cardiomyopathy in
females [1-5]. Cardiac involvement, especially hypertrophic cardiomyopathy, was the most principal
and coherent manifestation in both male and female patients with Danon disease and is diagnostically
very significant. Interestingly, pathological studies of muscle have revealed autophagic vacuoles with
sarcolemmal features (AVSF) in male patients [6,7]. AVSF with acetylcholinesterase activity refers to
the unique, disease-specific autophagic vacuoles that delineate Danon disease and related myopathies
such as X-linked myopathy with excessive autophagy.

However, Danon disease is an extremely rare disease, and very few cases have been reported.
We considered that there were a certain number of patients in whom Danon disease was
underdiagnosed owing to diagnostic difficulties or unawareness of the disease. Therefore, the
clinicopathological features and management of Danon disease have not been well established. In this
study, we performed a nationwide, questionnaire-based survey on Danon disease in Japan to elucidate
its clinical characteristics. In addition, this survey was designed to clarify the previously unreported
longitudinal histories of patients with definite Danon disease.

2. Results

2.1. Patients

The first set of questionnaires was returned from 1409 departments or hospitals (response rate
53.8%). The second set of questionnaires was sent to a total of 21 departments or hospitals that had
clinical information on patients with definite and suspected Danon disease. The detailed clinical
records that were returned to us were carefully reviewed. In addition, a systematic literature review
was conducted and yielded 15 articles or society reports [2,8-22].

As a result of the first nationwide survey, we identified 39 patients with Danon disease (17 males
and 22 females) from 20 families (Table 1). Eighteen of these patients (7 males, 11 females) from
12 families were still alive at the time of the survey. The location of the patients was broadly distributed
from the north to south in Japan (Figure 1).

Table 1. Summary of patients with Danon disease in Japan.

Site of
Family LAMP-2 LAMP-2 Mutation Effect on Affected Affected g o rences
. mRNA Males Females
Mutation
1 E9b ¢.1097_1098 delAA Frameshift ~ Propand,1 mother, 1 [2]
cousin sister
2 E4 c440T > A Stop codon proband - [2]
I6 c.865-1G>C Splicing proband mother [2]
4 15 c.741+1G>A Stop codon proband - [2]
C.742-4_742+6 .
5 I5 delGAAGGTTGCT Splicing proband mother [2,8]
6 E7 ¢.883_884 insT Frame shift proband 1 sister [2,10]
7 E3 ¢.288_289 delAG Stop codon proband m(;iljtr’ 1 [11]
8 E7 c.928 G>A Splicing proband - [12]
9 E5 573 delA Frame shift ~ proband mother, 2 [13]
sisters
mother, 1
10 E7 c.877 C>T Stop codon proband [14]

sister
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Table 1. Cont.

Family Lilllt\fll?-fZ LAMP-2 Mutation Elffle;;l:n Aﬁz‘l::;d ?gzgzg References
Mutation
11 E3 ¢.371_372 delCA Stop codon proband - [15]
12 I6 C'8d6i;—éfé6§+4 Splicing proband 2 sisters [16]
13 E6 c.749C>A Stop codon - proband [9]
14 E7 c.877C>T Stop codon proband mother [17]
15 El c.56T>C Frame shift proband mother [18]
16 E8 ¢.1009_1010delGT Frame shift proband mother [19]
17 NA NA NA proband mother [20]
18 E8 ¢.973_974insC Frame shift - proband [21]
19 E4 c.422T>A Stop codon - proband [22]
20 E6 c.839delA Stop codon - proband [17]

E, exon; I, intron; NA, not available.

Figure 1. Distribution of the patients with Danon disease in Japan. Closed squares indicate male
patients, whereas closed circles indicate female patients. Diagonal lines indicate dead patients.

2.2. Clinical Features

The clinical features of 17 male and 22 female patients are summarized in Table 2. Of the
20 families, 16 probands were male and four probands were female. Ten of the 20 mothers were
symptomatic (50%). The three common features in males were cardiomyopathy, myopathy, and mental
retardation, whereas the common feature in females was cardiomyopathy.
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Table 2. Clinical characteristics of patients with Danon disease in Japan.

Characteristics Male Female
Subjects, n 17 22
Probands, n 16 4
Manifesting mothers of the probands, n (%) 10/16 (63%) 0/4 (0%)
Age at onset, n
Infantile 4 0
Childhood 9 1
Second decade 4 5
Adult 0 1
Unknown 0 15
Alive at the time of the survey, n 7 11
Dead at the time of the survey, n 10 11
Age at death, year-old, mean & SD 19+£5n=7) 37+ 11 (n=7)

Cause of death, n (%)

Cardiac failure

9/10 (90%)

11/11 (100%)

0/0 (0%)

Cancer 1/10 (10%)
Myopathy, n (%) 17/17 (100%) 2/22 (9%)
Muscle weakness 13/17 (76%) 2/22 (9%)
No weakness with myogenic change on EMG 4/17 (24%) 0/22 (0%)
Cardiomyopathy, n (%) 17/17 (100%) 21/22 (95%)
Hypertrophic 15/17 (88%) 11/22 (50%)
Dilated 2/17 (12%) 6/22 (27%)
Unknown 0/17 (0%) 4/22 (18%)
Mental retardation, n (%) 8/17 (46%) 2/22 (9%)
Retinopathy, n (%) 1/17 (6%) 1/22 (5%)
Pes cavus, n (%) 1/17 (6%) 1/22 (5%)
Cerebral infarction, n (%) 0/17 (0%) 2/22 (9%)
Heart transplantation, n (%) 0/17 (0%) 1/22 (5%)
Awaiting heart transplantation, n (%) 2/17 (12%) 3/22 (14%)
Left ventricular assist device, n (%) 1/17 (6%) 4/22 (18%)
Treatment of blocker, n (%) 6/17 (35%) 11/22 (50%)
Elevated CK, n (%) 16/17 (94%) 3/12 (25%)
Serum CK (IU/L), mean + SD 1086 + 715 148 + 164
Abnormal ECG, n (%) 17/17 (100%) 18/18 (100%)
WPW syndrome, n (%) 9/17 (54%) 4/18 (22%)
Abnormal echocardiogram, n (%) 17/17 (100%) 17/18 (94%)
Myogenic EMG, n (%) 11/11 (100%) 0/6 (0%)
Abnormal nerve conduction study, n (%) 1/12 (8%) 0/1 (0%)

SD, standard deviation; EMG, electromyography; CK, creative kinase; ECG, electrocardiogram; WPW,

Wolff-Parkinson—-White.

All patients with available information were born through normal pregnancy and delivery. Ages at
onset varied from 1 to 19 years in the 17 male patients, and from 6 to 36 years in seven female patients.
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However, disease onset may be earlier, but go undetected because of the subacute nature and slow
progression of the disease in male patients, while it is difficult to define the age at onset due to the
insidious nature of the disease in adult female patients. Among the 21 patients (9 males and 12 females)
who had died, 20 (95%) died of cardiac failure or sudden cardiac arrest, which is the main cause of
death among patients. The other male patient died of juvenile transverse colon cancer. The mean
age at death was 19 + 5 years with a range of 13 to 26 years in seven male patients and 37 £ 11 years
with a range of 20 to 52 years in seven female patients. No male patient survived beyond 26 years
of age except for a 50-year-old man in Family 1. He had mild cardiomyopathy, but reported no
cardiac symptoms.

All 17 male patients had cardiomyopathy. Most had hypertrophic cardiomyopathy, but two
(12%) had dilated cardiomyopathy. All but one of the 22 female patients had cardiomyopathy;,
cardiac involvement, or both. Eleven (50%) had hypertrophic cardiomyopathy, six (27%) had dilated
cardiomyopathy, and four (18%) had sudden cardiac arrest. Only one female patient (5%) had
no cardiac involvement, although her monozygotic twin had hypertrophic cardiomyopathy [13].
Heart transplantation, the most effective therapy, was performed in only one female patient [17] and is
currently required by four patients. Several patients were managed with left ventricular assist devices
(LVAD), permanent pacemakers, and/or implantable cardioverter defibrillators.

Myopathy was usually mild and was observed in all male patients. While 13 (76%) of the 17 male
patients showed muscle weakness, the other four patients (24%) had no muscle weakness with mild
myogenic changes on electromyography. In contrast, myopathy was observed in two (9%) of 22 female
patients. The main symptoms were mild proximal weakness in proximal limb or neck muscles. All male
and female patients remained ambulatory. Mild mental retardation was present in eight (46%) of the
17 male patients and in two (9%) of the 22 female patients. On physical examination, retinopathy
was observed in one male patient and one female patient. A few patients showed hepatomegaly,
splenomegaly, and foot deformities, such as pes cavus. Two female patients had cerebral infarction.
One female patient had young-onset stroke due to diffuse narrowing of the cerebral arteries without
atherosclerosis, while the other had minor right cerebral infarction occurring after the LVAD operation.

Laboratory tests showed that the serum creatine kinase (CK) level increased to 5- to 10-fold above
the upper limits of normal. The CK value was 1086 + 715 IU/L with a range of 77 to 2865 in all male
patients and 148 £ 164 IU/L with a range of 40 to 643 in 12 female patients. Electrocardiographic
(ECG) findings were abnormal in all the patients tested. The most common pathological finding was
Wolff-Parkinson-White (WPW) syndrome. Nine (54%) of 17 males and four (22%) of 18 females showed
WPW syndrome. Male patients with hypertrophic cardiomyopathy showed abnormally high voltage
in precordial leads. In addition, giant negative T waves, atrioventricular block, atrial flutter, atrial
fibrillation, bradycardia, abnormal Q waves, and complete left bundle branch block were also observed.
The echocardiography results show that most patients had concentric hypertrophic cardiomyopathy
with impaired left ventricular function. Nine male patients had an abnormally thick interventricular
septum and posterior walls. Electromyography showed small-amplitude short-duration motor unit
potentials in all 11 male patients tested. In addition, fibrillation and positive sharp waves at rest were
present. Electroencephalography (EEG) showed mild abnormalities in two male patients; one had
moderate bitemporal slowing and the other had a slow « wave pattern with emergence of diffuse 6
waves during sleep. Nerve conduction studies showed mild sensory and motor polyneuropathy in
one (8%) of 13 patients tested.

2.3. Histochemistry and Immunohistochemistry

Pathologically, muscle biopsy specimens in male patients tested showed mild to moderate
variations in fiber size (Figure 2). Small vacuoles were seen in many fibers, which may appear
as basophilic granules rather than vacuoles in hematoxylin and eosin preparations. The granules
contained acid phosphatase-positive material. In all male patients, acetylcholine and nonspecific
esterase activities were associated with the vacuolar membranes. As the vacuolar membranes stained
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with antibody against dystrophin on immunohistochemical analysis, all male patients showed AVSF
in muscles. LAMP-2 was completely absent in muscle from all male patients.

Figure 2. Muscle pathology of a male patient with Danon disease. Tiny autophagic vacuoles look like
solid basophilic granules in muscle fibers with hematoxylin and eosin stain (A). The vacuolar membrane
has non-specific esterase activity (B) and acetylcholinesterase activity (C). Immunohistochemical
analyses for dystrophin (D) showed that the vacuolar membrane has features of sarcolemma.
Immunostaining for LIMP-1 demonstrated the overexpression of the LIMP-1 protein (E), whereas
immunostaining for LAMP-2 clearly demonstrated the complete absence of the LAMP-2 protein (F).
Bar = 30 um.

In contrast, female patients showed no variations in fiber size and no vacuoles.
The acetylcholinesterase and non-specific esterase staining appeared normal. In addition,
immunohistochemistry for LAMP-2 did not reveal a complete absence, but the reaction was weaker
than that in normal controls. The other immunohistochemical studies revealed no abnormalities and
no AVSE.

2.4. Electron Micsroscopy

The electron microscopy results showed that clusters of intracytoplasmic autophagic vacuoles
containing electron-dense granular materials, myeloid bodies, and variable cytoplasmic debris were
scattered in muscle (Figure 3). Some of these autophagic vacuoles were bounded by membranes on
the luminal side, while other clusters were not limited by a membrane, as previously reported [6].
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Figure 3. Electron microscopy in skeletal muscles from a male patient with Danon disease. The vacuoles
had autophagic nature as indicated by the presence of electron-dense granular materials, myeloid
bodies, and variable cytoplasmic debris. In addition, basal lamina (arrowhead) are likely to be observed
along the inner surface of an autophagic vacuole (arrow). The inset reveals the enlarged view of the
area within the square (magnification 4 x). Reconstructed with permission from our previous report [6].
Bar =1 nm.

2.5. Western Blot Analysis

The relative protein expression levels in the male controls were 100% (Figure 4). On Western
blot analysis, LAMP-2 immunoreactivity was present equally in the both male (100%) and female
(95%) control muscles, as reported previously [8,9]. In contrast, LAMP-2 staining was completely
absent (0%) in the male patients’ muscles, whereas two female patients in Family 5 and Family 13
showed decreased LAMP-2 staining (40%), most likely due to ‘LAMP-2 haploinsulfficiency’, as reported

Female Male

previously [8,9].
100 -
75 A
50
25 +
Female ,atient patient Male ]

control (Family 13) (Family 5) control 0
Male Female  Female Male
LAMP-2 - controls  controls  patients  patients

Lt L —— Means = SD 100  95+22  40+36 0

A C

Female Male
Male Female patient patient
control control (ramily 5) (Family 5)

e 2 [
B-Actin S S

(% of Male control)

LAMP-2 immunoreactivity

Figure 4. Western blot analysis in patients with Danon disease. (A,B) Skeletal muscle extracts from
a male control and a female control, and the male patient and female patient, who were blotted and
labeled with antibodies against LAMP-2 and -actin. (A) The male patient and female patient from
Family 5; (B) the male patient from Family 5 and the female patient from Family 13, reconstructed
with permission from our previous reports [8,9]. (C) The relative protein expression levels in the male
controls were expressed as 100%. LAMP-2 immunoreactivity was present equally in the both male and
female control muscles. In contrast, LAMP-2 was undetectable in the male patients’ muscle, whereas
two female patients showed decreased LAMP-2.
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2.6. Sequence Analysis of LAMP-2

Mutations in LAMP-2 were identified in all probands from the 19 families except for Family 17
(Figure 5, Table 1). As LAMP-2 was completely absent in muscle from the proband in Family 17, the
family was finally given a diagnosis of Danon disease [20]. X chromosomes were heterozygous in
all 19 families. Only Family 11 and Family 15 showed the same mutation (c.877C > T), but each of
the other families had 17 different mutations. The 16 mutations had previously been reported as a
novel mutation, while the other two mutations (c.877C > T, ¢.973_974insC) had already been reported.
Although the distribution of mutations widely ranged from exon 1 to exon 9, six families (30%) had
mutations associated with exon 7. All mutations were either nonsense or frame-shift mutations that
are predicted to cause truncation of the protein, except for the exon 6 skipping mutation in Family 5.
On screening 100 Japanese controls, the same mutations were not found. The mothers, family members,
or both, had no mutations in LAMP-2 in the probands from eight families.

.742-4_742+6 delGAAGGTTGCT

C.741+41G>A | C-864+1_864+4 delGTGA

’ c.8’65—1 G>C
| | | |
—{El{ HEz HE3 H E4l HES. | |‘E6 | IE HET HEQB'HE9A Heoc |-
¢.56T>C c.288_289 delAG  c422T>A c.573delA  ¢749C>A  ¢877CT ¢.973_974insC  ¢.1097_1098 delAA
€.371_372delCA  c.440T>A ¢.839delA cgg;_gf?:mﬂ ¢.1009_1010delGT
C. >,

Figure 5. Schematic structure of the LAMP-2 gene with the mutations identified in the present survey
in Japan. Exons are in scale and introns are not to scale. E: Exon.

3. Discussion

We conducted the first nationwide, questionnaire-based survey in Japan to clarify the prevalence,
clinical features, muscle pathological findings, and mutation status of patients with Danon disease.
We identified a total of 39 patients, 17 males and 22 females, from 20 families with definite Danon
disease. All probands from 19 families had LAMP-2 mutations. As the proband from the other family
had LAMP-2 deficiency in muscle specimens, the family was finally given a diagnosis of Danon disease.
In our previous global studies [2], we confirmed that the triad of cardiomyopathy, myopathy, and
variable mental retardation encompasses the main clinical features in male patients, whereas only
cardiomyopathy is found in female patients. In the present survey, we demonstrated that the same
was true for the main clinical features in Japan.

Cardiac manifestations are prominent clinical features and the most significant prognostic factors,
as most of the deceased patients died of cardiac failure [23-25]. Histologically, cardiomyocytes had
autophagic vacuoles including myofibrillar disruption. Hypertrophic cardiomyopathy developed
in most male patients and many female patients. Although some female patients showed dilated
cardiomyopathy, we guessed that some patients had a dilated phase of hypertrophic cardiomyopathy.
In fact, previous reports have described the evolution of hypertrophic cardiomyopathy into dilated
cardiomyopathy with progressive cardiac failure. Therefore, dilated cardiomyopathy may be associated
with the timing of cardiac investigations. The WPW ECG pattern observed in Danon disease has
been attributed to myocardial hypertrophy rather than to the presence of an accessory pathway [26].
However, the incidence of WPW is relatively high (54% in males, 22% in females) in Danon disease as
compared with that in other types of hypertrophic cardiomyopathy, such as idiopathic hypertrophic
cardiomyopathy (1.5%) and familial hypertrophic cardiomyopathy (12%) [27,28]. This finding suggests
the presence of a specific pathomechanism for preexcitation in Danon disease rather than a simple
association with cardiac hypertrophy. In addition, more recently, it was reported that troponin I might
have a prognostic value and merits exploration for clinical decisions [29]. Therefore, we expect that
troponin I might be a useful biomarker for cardiac muscle involvement.
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Heart transplantation may be the most effective intervention [30]. The only female patient who
underwent heart transplantation was a 42-year-old woman with dilated cardiomyopathy 990 days
after the LVAD operation [17]. For one year after the transplantation, she had no clinically significant
deterioration. As cardiomyopathy can be fatal in both males and females, we should consider heart
transplantation in Danon disease. However, due to the shortage of donor hearts in Japan, patients
must wait three years until they can undergo heart transplantation. Therefore, an LVAD may help
patients survive to transplantation.

In addition, we should consider investigating asymptomatic female relatives of male patients
for cardiomyopathy and carefully follow-up such patients to detect initial symptoms of a potentially
life-threatening condition. Interestingly, in the present survey, we identified six young female
patients who received a diagnosis of Danon disease, the cardiac symptoms of which usually develop
in adulthood in females. One patient had very early onset at the age of six years, with severe
cardiac failure similar to that in males [22]. Globally, very few female patients with disease onset
in childhood have been described previously [31-33]. However, these female patients had different
phenotypes with respect to the severity of the cardiomyopathy. Concerning cardiomyopathy, Oldfors
et al. proposed that an uneven distribution of the LAMP-2 protein might cause the dysfunction of
cardiomyocytes [31]. In contrast, Maron et al. reported that many autophagic vacuoles were scattered
in the cardiomyocytes [32]. Moreover, we previously reported that the number of muscle fibers with
an accumulation of autophagic vacuoles increase in proportion to age [8]. On the basis of these
findings, we suggest that the progression of clinical symptoms is related not only to primary deficiency
of LAMP-2, but also to the accumulation of autophagic vacuoles increasing with age, and that the
accumulation of autophagic vacuoles probably contributes to pathogenesis of the disease. Therefore,
we hypothesize that the clinical presentations of Danon disease depend directly on not only LAMP-2
deficiency, but also on the accumulation of autophagic vacuoles.

Myopathy was usually mild and can be clinically silent; however, most male patients had elevated
serum CK levels, myogenic changes on the EMG, or both. Symptomatic male patients showed proximal
limb weakness, which was very slowly progressive or stable. In contrast, myopathy was observed in
only a few female patients and was even milder.

Although mental retardation was observed in 46% of male patients and 9% of female patients,
many patients had quite mild symptoms. Actually, some patients who were subject to a psychological
examination revealed a mild learning disability and intellectual disability. In addition, their learning
disturbance did not progress, and their condition remained stable [9]. The EEG showed mild
abnormalities in only two male patients. There were no central nervous system (CNS) manifestations,
and no patient showed structural brain abnormalities on magnetic resonance imaging or single
photon emission computed tomography in the present survey [9]. A recent study suggested that
LAMP-2 in the CNS might play a role in the degradation of intracytoplasmic molecules in lysosomes
and protection from oxidative stress in the midbrain in LAMP-2-deficient mice [34]. However, the
association between the CNS pathology and mental retardation remains unclear and unestablished.
Therefore, we suggest that further neuropathologic analyses are needed to characterize the CNS
involvement in Danon disease.

Retinopathy has been regarded as one of the complications of Danon disease [35]. Actually, in the
present survey two patients (10%) had retinopathy. However, we should consider the possibility of an
underdiagnosis of retinopathy due to very mild subjective symptoms. Moreover, retinopathy could
potentially be used to identify asymptomatic patients.

Cerebral infarction is quite a rare complication of Danon disease. Previously four patients in
whom cerebral infarction developed were reported [36]. Three of these patients had cardioembolic
strokes caused by atrial fibrillation. The other patient showed a hemodynamic mechanism due
to hypoperfusion. In the present survey, minor right cerebral infarction developed after the
LVAD operation in one of the two female patients with cerebral infarction [17]. The other patient
showed young-onset stroke due to diffuse narrowing of the cerebral arteries without atherosclerosis.
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Recently, based on the detailed analysis of this Japanese patient and LAMP-2-deficient mice, we
found arterial medial hypertrophy with the phenotypic conversion of vascular smooth muscle
cells, resulting from the age-dependent accumulation of cellular waste generated by aberrant
autophagy [19]. Further studies including pathological evaluations should be performed to establish
the pathomechanism of vasculopathy in cerebral infarction associated with Danon disease.

Muscle pathology was characterized by AVSF in the muscle fibers of male patients using light
microscopy and electron microscopy. AVSF with acetylcholinesterase activity comprised the unique
disease-specific autophagic vacuoles that delineate Danon disease from related myopathies [6].
LAMP-2 was completely absent in muscle from all male patients. In all male patients, acetylcholine
and nonspecific esterase activity were associated with the vacuolar membranes.

In contrast, female patients showed normal staining of acetylcholinesterase and non-specific
esterase and no AVSF in biopsy muscle specimens. On immunohistochemical and Western blot
analyses of muscle specimens, two female patients showed a decreased, but not an absence of LAMP-2
expression [8,9]. Therefore, we attributed these results to a 50% reduction in LAMP-2, i.e., 'LAMP-2
haploinsufficiency’, caused by a heterozygous null mutation in LAMP-2 in female patients [5]. In fact,
our findings suggest that a 50% reduction in LAMP-2 may prevent the development of myopathy, but
not cardiomyopathy. Female patients show milder and later-onset symptoms than male patients [1,2].
As for the underlying reason, we suggest that LAMP-2 haploinsufficiency along with X-chromosome
inactivation are one of the most likely important determinants of phenotype in female patients.
However, Bottillo et al. reported that immunohistochemistry for LAMP2 revealed a mosaic pattern of
distribution in the explanted heart muscles and suggested that this finding paralleled X chromosome
inactivation within the cardiac muscles, but not skeletal muscles [37]. Further studies including more
detailed pathological evaluations simultaneously in the cardiac and the skeletal muscles should be
performed to establish the X chromosome inactivation in female patients with Danon disease.

In the sequence analysis of LAMP-2, only two families had the same mutation, while the other
families had 17 different mutations, respectively. The international report on Danon disease also
showed many kinds of mutations and a wide distribution of mutations ranging from exon 1 to exon
9, consistent with our study [30]. Interestingly, the mothers of the probands from 10 families had
no cardiac involvement and no mutations in LAMP-2. Of the 10 families, we suggest that germline
mosaicism was indicated in the two families in whom the probands’ siblings were also affected, as
reported previously [10,16]. Therefore, we considered that the other eight (40%) of all 20 families had
de novo mutations and that this finding was one of the genetic features of Danon disease. In addition,
of 20 families, 16 probands were males, and four probands were females. All four female probands
had de novo mutations. Therefore, we should consider the possibility that a female patient without a
family history can be given a diagnosis of Danon disease.

On the other hand, human exon 9 of LAMP-2 exists in two forms, exon 9a and 9b, which
are alternatively spliced and produce two isoforms, LAMP-2a and LAMP-2b [1]. LAMP-2a is
present ubiquitously, whereas LAMP-2b is expressed predominantly in heart and skeletal muscles.
The mutation in Family 1 affects only the LAMP-2b isoform, whereas all other mutations affect both
the LAMP-2a and 2b isoforms. The two affected males in Family 1 had hypertrophic cardiomyopathy
and mild myopathy, but no mental retardation. In this family, one male patient who had mild
cardiomyopathy, but reported no cardiac symptoms is alive at the age of 50 years, although no male
patient survived beyond the age of 26 years except for in this family. In addition, the proband in
Family 1 revealed a small amount of LAMP-2 protein on immunoreactivity studies, as reported
previously [1]. Therefore, we suggest that the isolated deficiency of the LAMP-2b isoform may be
associated with a milder phenotype, although we could not find a genotype—phenotype correlation,
except for exon 9. Moreover, we suspect that genetic factors including genotype—-phenotype correlation
might be one of the most significant determinants of the unusual presentation of clinical features.
The establishment of the exact mechanisms leading to the different phenotypes in Danon disease
requires further investigation.
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Danon disease is primarily caused by loss-of-function mutations in the LAMP-2 gene. However,
the exact pathomechanism of Danon disease is still not completely understood. LAMP-2 is a single
transmembrane protein in the limiting membranes of lysosomes. Most mutations of the gene lead
to protein truncation or splicing defects, resulting in a loss of transmembrane and/or cytoplasmic
domain, leading to LAMP-2 protein deficiency. Although the precise functional role of LAMP-2
remains controversial, LAMP-2 protein is a key molecule in the final process of autophagy that
mediates the fusion between autophagosomes and lysosomes. Therefore, we suggest that LAMP-2
deficiency leads to a failure in macroautophagy and may be related to the development of autophagic
vacuoles, especially the AVSE.

In conclusion, Danon disease may be caused by primary lysosomal dysfunctions and is an
extremely rare muscular disorder in Japan. Cardiomyopathy is the most significant prognostic
factor and the main cause of death. However, Danon disease may be overlooked in patients who
have hypertrophic cardiomyopathy, since other clinical features including myopathy can be mild,
particularly in females. Our findings suggest that the present survey can extend our understanding of
the clinical features of patients, especially female patients, with this rare disease.

4. Materials and Methods

4.1. Nationwide, Questionnaire-Based Survey

A nationwide survey on Danon disease was conducted using two-step questionnaires to elucidate
its prevalence, clinical features, muscle pathological findings, and mutation status in Japan. The first
step of questionnaires focused on the experience of the previous and current patients with definite
Danon disease and treated patients suspected to have Danon disease. The first set of questionnaires
was sent to a total of 2617 clinical departments with board-certified specialists in neurology, cardiology,
and pediatrics in Japan. The second step of questionnaires, which focused on the clinical information
of patients with definite and suspected Danon disease, was sent to the departments that their attending
physicians belonged to. When a patient was suspected of having Danon disease, genetic analyses
of the LAMP-2 gene were performed. In addition, we carefully reviewed the medical records and
clinical histories. Statistical values are expressed as mean =+ standard deviation. All clinical materials
used in this study were obtained for diagnostic purposes with written informed consent. All surveys
and experiments performed in this study were approved by the Ethical Committee of Nara Medical
University (approval nos. 926 (20 October 2014)).

4.2. Histochemistry and Immunohistochemistry

All biopsy specimens were taken from the patients” muscles. These specimens were frozen
in liquid-nitrogen-cooled isopentane for histochemical and immunohistochemical assessment.
Transverse frozen sections of 8-pum-thickness were stained with hematoxylin and eosin and a battery
of histochemical methods. In addition, serial cryosections of 6-pm-thickness were stained with
mouse monoclonal antibodies, as described previously [6]. These sections were incubated at 37 °C
for 2 h with primary mouse monoclonal IgG antibodies against LAMP-2 (H4B4, Developmental
Studies Hybridoma Bank (DSHB), Iowa, IA, USA), lysosomal integral membrane protein-1 (LIMP-1)
(H5C6, DSHB), the N-terminus of dystrophin (NCL-DYS3, Novocastra, Newcastle Upon Tyne, UK),
a-sarcoglycan (NCL-L-a-SARC, Novocastra), and laminin «2 (MAB1922, Chemicon, Temecula, CA,
USA). Subsequently, these sections were incubated at room temperature for 1 h with a secondary
antibody, goat anti-mouse IgG (M111, Leinco, St. Louis, MO, USA). Control specimens were taken
from six patients with morphologically normal muscle.

4.3. Electron Microscopy

For the electron microscopy, one portion of the biopsied muscle specimens was fixed in buffered
2% isotonic glutaraldehyde at pH 7.4 and then post-fixed in osmium tetroxide. Subsequently, one
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fragment of the specimens was embedded in epoxy resin. Ultrathin sections were stained with uranyl
acetate and lead citrate, as described previously [6]. We examined these sections with an H-7000
electron microscope (Hitachi, Tokyo, Japan).

4.4. Western Blot Analysis of Muscle Specimens

Protein lysates for Western blot analysis were prepared from muscle specimens from some male
and two female patients with Danon disease, as well as from male and female controls, as described
previously [8,9]. We briefly washed the frozen tissue specimens with cold phosphate-buffered saline,
homogenized in triple-detergent lysis buffer, and spun them down. After the supernatant was collected,
we separated 5-ul samples by electrophoresis and subsequently electro-transferred the proteins onto
nitrocellulose membranes. The membranes were incubated with a primary mouse monoclonal IgG
antibody against LAMP-2 (DSHB). Quantitative measurements of the resulting images were analyzed
using densitometry. In the summarized results, we used the ratio of the expression values of LAMP-2
to -actin. Relative protein expression levels in the male controls were expressed as 100%.

4.5. Sequence Analysis of LAMP-2

For the sequence analysis, genomic DNA was extracted from either frozen muscle or peripheral
blood lymphocytes with phenol/chloroform. The open reading frame of LAMP-2 consists of nine exons.
Human exon 9 exists in two forms, exon 9a and 9b, which are alternatively spliced and processed into
two isoforms, LAMP-2a and LAMP-2b. We sequenced the entire coding region, including both exons
9a and 9b, and the exon/intron junctions of LAMP-2, as described previously [1,2].

Author Contributions: Conceptualization, K.S., LN. (Ikuya Nonaka) and I.N. (Ichizo Nishino); Investigation, HK.,
N.E, TS, KO, HT,NM, M.O, TK. and HK_; Supervision, Y.S., LN. (Ikuya Nonaka) and I.N. (Ichizo Nishino);
Writing—original draft, K.S.; Writing—review and editing, K.S. and L.N. (Ichizo Nishino).

Funding: This research was funded by Grant-in-Aid for Intractable Disease (H29-030), Ministry of Health, Labour
and Welfare of Japan.

Acknowledgments: We thank Kunio Ohta (Department of Pediatrics, Kanazawa University), Masaru Hatano
(Department of Cardiology, University of Tokyo), Satoshi Yamada (Department of Cardiology, Hokkaido University),
Hitoshi Horigome (Department of Pediatrics, Tsukuba University), Yukiko Shimosato (Department of Pediatrics,
Keio University), Fukiko Ichida (Department of Pediatrics, Toyama University), Masao Kawatani (Department of
Pediatrics, Fukui University), Yasushi Oya (Department of Neurology, National Center Hospital, National Center of
Neurology and Psychiatry Hospital), Nobuhiro Dougu (Department of Neurology, Toyama University), Yasuhiro Aso
(Department of Neurology, Oita University), and Shiro Baba (Department of Pediatrics, Kyoto University) for their
clinical assistance. We thank Harumi Ikeda and Chiharu Yoshioka for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AVSF autophagic vacuoles with sarcolemmal features
CK creative kinase

CNS central nervous system

EEG electroencephalography

ECG electrocardiogram

LAMP-2  lysosome-associated membrane protein-2
LIMP-1 lysosomal integral membrane protein-1
LVAD left ventricular assist devices

WPW Wolff-Parkinson—White
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