Received: 24 February 2019

Revised: 7 August 2019

Accepted: 7 August 2019

DOI: 10.1002/mgg3.941

ORIGINAL ARTICLE

Molecular Geneti fc Medid
olecular Genetics & Genomic WILEY

A novel LAMP2 p.G93R mutation associated with mild Danon
disease presenting with familial hypertrophic cardiomyopathy

Jing Xu'? | LuWang® | Xiangdong Liu*> | Qiming Dai’

'Department of Clinical Laboratory,
ZhongDa Hospital, Southeast University,
Nanjing, P. R. China

Institute of Life Science, Southeast
University, Nanjing, P. R. China

3Department of Cardiology, ZhongDa

Hospital, Southeast University, Nanjing, P.

R. China

Correspondence

Qiming Dai, Department of Cardiology,
ZhongDa Hospital, Southeast University,
Nanjing, P. R. China.

Email: qimingdai @icloud.com

Funding information

Natural Science Foundation of Jiangsu
Province, Grant/Award Number:
BK20171369 and BK20180376

1 | INTRODUCTION

Hypertrophic cardiomyopathy (HCM), clinically defined as a
thickening of the myocardial wall in the absence of any other

Abstract

Background: Danon disease (DD) is an X-linked dominant multisystem disorder
that is associated with cardiomyopathy, skeletal myopathy, and varying degrees of
intellectual disability. It results from mutations in the lysosome-associated mem-
brane protein 2 (LAMP2) gene.

Methods: Herein, a proband with a mild DD case presenting with a familial hy-
pertrophic cardiomyopathy (HCM) phenotype and additional family members were
evaluated. Exome sequencing and Sanger sequencing were performed to explore the
genetic basis of DD in the proband. Segregation, in silico, and functional analyses
were carried out to explore potential pathogenicity in the candidate mutation.
Results: Exome sequencing and Sanger sequencing identified one novel missense
mutation (p.G93R) in the LAMP2 gene in the proband, and this mutation was also
identified in three other family members. In silico analysis of LAMP2 predicted that
the mutation causes a conformational change and subsequent protein destabilization.
Furthermore, functional examination showed that mutation carriers have a signifi-
cant reduction in LAMP2 expression, which supports that the mutation is pathogenic.
Moreover, skewed X chromosome inactivation (XCI) was identified in one female
mutation carrier, thus suggesting that skewed XCI may be the reason why this indi-
vidual escaped the pathogenic influence of the mutation.

Conclusion: These findings will aid in diagnosing DD patients carrying this LAMP2
mutation that presents with a HCM phenotype. Furthermore, this study illustrates the
importance of utilizing a molecular diagnostic approach in HCM patients and is the
first study to report a LAMP2 p.G93R mutation associated with mild DD and identify
that XCI serves a protective role in DD etiology.
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cause of left ventricular hypertrophy, is often inherited genet-
ically. The etiology of familial HCM can be complex, with
the majority of cases attributed to sarcomeric cardiomyop-
athies, mutations in sarcomere genes, and others associated
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with metabolic diseases, including Danon disease (DD),
Pompe disease, or Fabry disease (Semsarian, Ingles, Maron,
& Maron, 2015). DD is a rare monogenic X-linked genetic
disorder characterized by a clinical triad comprising cardio-
myopathy, skeletal myopathy, and varying degrees of intel-
lectual disability. The molecular basis of DD is attributed to
an absence or malfunction of the lysosomal-associated mem-
brane protein 2 (LAMP2) due to pathogenic mutations in the
LAMP?2 gene [OMIM:309060] (D'Souza et al., 2014). Thus,
genetic testing can provide a more accurate clinical diagno-
sis, particularly for familial HCM cases, and aid in evaluating
the risk of disease development and promote further HCM
pathogenesis research.

In the present study, a proband presenting with a fa-
milial HCM phenotype was genetically evaluated using an
exome sequencing approach to identify any pathogenic mu-
tations. Two mutations, p.G93R in LAMP2 and p.G790del
in DSC2 [OMIM:125645], were identified, and pathoge-
nicity was explored using segregation, in silico, and func-
tional analyses.

2 | CASE STUDY
In 2011, a 45-year-old man (Figure 1a; II 4) was referred to
Southeast University Hospital due to repeated attacks of diz-
ziness and chest pain. An echocardiogram revealed asymmet-
ric septal hypertrophy and decreased left ventricular diastolic
function. The left ventricular ejection fraction (LVEF) was
58% (Table 1). The interventricular septum (IVS) thickness
was increased to 20 mm, and the left ventricular posterior
wall (LVPW) thickness was 11 mm. An electrocardiograph
(ECG) showed a sinus rhythm with ventricular pre-excita-
tion, a voltage criterion consistent with left ventricular hyper-
trophy, an ST segment depression, and a T wave inversion.
Laboratory tests revealed normal serum creatine kinase (CK)
activity levels. His eldest sister (I 1) died suddenly at the
age of 63 (Figure 1a). Bisoprolol and diltiazem were used to
improve symptoms.

In 2017, CK levels were elevated only once (260 U/L).
In 2018 (7 years later), a follow-up indicated that cardiomy-
opathy of the proband remained stable. The IVS thickness
was unchanged, while the LVPW thickness was increased to
14 mm, and the LVEF was reduced to 52%. Furthermore, one
sister (II 3) was diagnosed with HCM in 2013, with a maxi-
mum left ventricular wall thickness of 14 mm.

3 | MATERIALS AND METHODS

31 |

Informed consent was obtained from the proband and fam-
ily members prior to collecting blood samples or performing

Ethical compliance

clinical evaluations. All protocols and procedures were ap-
proved by the Ethics Committee of Southeast University,
Nanjing, Jiangsu Province, China.

3.2 | Subjects and clinical evaluation

The relatives of the proband and the proband underwent a
clinical examination, including evaluating CK levels and
performing a 12-lead ECG and two-dimensional Doppler
echocardiogram. Individuals identified as LAMP2 mutation
carriers were also invited for extensive neurologic and oph-
thalmologic examination.

33 |

The proband sample was examined using next-generation
sequencing (NGS), with enrichment performed using a
cardio-disease-related Gene Panel (MyGenostics GenCap
Enrichment Technologies). Exon and in exon-intron
boundaries for 178 genes commonly used for diagnosing
cardiovascular diseases were selected and analyzed (Table
S1). NGS was carried out on an Illumina HiSeq 2000 se-
quencer at a high-quality sequencing depth (330.1). All tar-
geted regions were mapped, which accounted for ~99.8%
of the 178 genes.

Exome sequencing

34 |

Low quality reads and adapters were filtered out using the
Trim Galore program, and clean reads were aligned to the
h19 human reference genome using the BWA program (Li &
Durbin, 2010). Insertion—deletions and single nucleotide poly-
morphisms (SNPs) were identified using Sequence Alignment/
Map tools (SAMtools) (Li et al., 2009) and detected using the
Genome Analysis Toolkit (GATK) program. Annotations,
including location (exonic, intronic, and intergenic region)
and protein-coding effect (synonymous, missense, nonsense,
or frameshift), were obtained by using in-house developed
bioinformatics tools with RefSeq (hgl9, from UCSC) and
UCSC annotations as previously described (Xu et al., 2015).
Candidate mutations for further analysis were determined
based on frequency and function. For the frequency filter, a
0.01 cut-off was used based on the allele frequency estimates
from the dbSNP (v152; http://www.ncbi.nlm.nih.gov/projects/
SNP/), 1,000 Genome (http://www.ncbi.nlm.nih.gov/Ftp/),
and Exome Aggregation Consortium (ExAC; http://exac.
broadinstitute.org/) databases. The functional filter removed
synonymous and missense mutations that were predicted to be
benign/tolerated using SIFT and Polyphen2 (Adzhubei et al.,
2010; Kumar, Henikoff, & Ng, 2009).

Candidate variants were then further analyzed, with
their potential impact and conservation scores exam-
ined using different computational programs, including

Data analysis
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(a) Pedigree for the index patient. Squares = males; circles = females; filled shapes = HCM phenotype-positive individuals;

empty shapes = healthy individuals; shapes with a dot = ECG abnormality phenotype; an arrow indicates the proband; mutations are shown
beside corresponding patients. (b) Direct sequencing electropherograms showing LAMP2_p.G93R (NM_013995.2) and DSC2_p.G790del
(NM_024422.4) in the proband. Arrows indicate the mutant nucleotide positions. (c) Comparison of LAMP2 expression levels between LAMP2_
G93R mutation carriers and nonmutation subjects. (d) Western blot analysis of LAMP2 expression in leukocyte extracts from the proband (II 4)
and six family members (IT 2, IT 3, II 5, III 1, I1I 2, and III 3). (e) Relative LAMP2 protein levels normalized to B-actin for the family members.
The LAMP? protein level in sample III 2 has been set to 100%. The data were quantified using ImagelJ software and graphed using GraphPad
Prism 7.0. *p < .01, **p < .001. (f) Analysis of X chromosome inactivation (XCI) patterns in leukocytes from individuals II 2 and II 4 (proband),
with the proband's DNA used as a control. The MIC2 gene is used to confirm complete digestion. Undigested (Hpa II-) and digested (Hpa

1I+) DNA samples are shown in the upper and lower plots, respectively. Comparisons of differences in the fluorescence intensities (heights of
chromatographic peaks) corresponding to specific alleles (273 and 282 bp) after digestion indicates a skewed XCI pattern

MutationTaster
index.html),

(http://doro.charite.de/MutationTaster/
MutationAssessor  (http://mutationassessor.
org/r3/), = PROVEAN (http://provean.jcvi.org/seq_sub-
mit.php), FATHMM (http://fathmm.biocompute.org.uk/),
FATHMM-MKL  (http://fathmm.biocompute.org.uk/fathm
mMKL.html), likelihood ratio test (LRT; Chun & Fay, 2009),
Combined Annotation Dependent Depletion (CADD; https
://cadd.gs.washington.edu/score), genomic evolutionary rate

profiling (GERP; Davydov et al., 2010), phastCons (Siepel et
al., 2005), and SiPhy (Lindblad-Toh et al., 2011).

3.5 | Mutation validation

The identified mutations were confirmed using the Sanger
sequencing method, with the proband and additional family
members screened.


http://doro.charite.de/MutationTaster/index.html
http://doro.charite.de/MutationTaster/index.html
http://mutationassessor.org/r3/
http://mutationassessor.org/r3/
http://provean.jcvi.org/seq_submit.php
http://provean.jcvi.org/seq_submit.php
http://fathmm.biocompute.org.uk/
http://fathmm.biocompute.org.uk/fathmmMKL.html
http://fathmm.biocompute.org.uk/fathmmMKL.html
https://cadd.gs.washington.edu/score
https://cadd.gs.washington.edu/score

40f9 WI LEy_Molecular Genetics & Genomic XUET AL.
TABLE 1 Clinical characteristics and echocardiogram and electrocardiograph findings for the family

Family member 112 I3 114 IIs 1 I 2 I3

Gender F F M F M M M

Age 60 56 52 50 40 23 33

Genetic status LAMP2 (+) LAMP?2 (+) LAMP?2 (+) LAMP2 (—) LAMP2 (—) LAMP2 (-) LAMP2 (+)

DSC2 (+) DSC2 (-) DSC2 (+) DSC2 (+) DSC2 (+) DSC2 (-) DSC2 (-)

Cardiomyopathy = a4 F = = = =

IVS 12 14 20 11 13 12 12

LVPW 12 14 14 10 13 11 12

E/A ratio <1 <1 <1 <1 <1 >1 >1

LVEF 68% 55% 52% 64% 63% 72% 67%

ECG abnormality + - + + + - -

Inverted T wave I = I A A = =

Mental retardation - - - - - - -

Muscle weakness — — — — — — —

CK levels (U/L) 120 102 106 110 115 150 130

Abbreviations: —, no; +, yes; ECG, electrocardiograph; IVS, interventricular septum; LVEF, left ventricular ejection fraction; LVPW, left ventricular posterior wall.

3.6 |

Western blotting was carried out following standard pro-
cedures (Mahmood & Yang, 2012). Briefly, total protein
concentrations were determined using a Bradford assay.
Samples containing equivalent amounts of protein were
loaded onto 8% gels for SDS-PAGE. The separated pro-
teins were then transferred onto PVDF membranes. The
membranes were blocked and then incubated with primary
goat anti-LAMP?2 polyclonal antibodies (R&D Systems) or
mouse anti-Actin monoclonal antibodies (Cell Signaling
Technology). The membranes were then incubated with
anti-goat or anti-mouse secondary antibodies (EMD
Millipore) and visualized.

Western blot analysis

3.7 | X chromosome inactivation
pattern analysis

X chromosome inactivation (XCI) pattern analysis was
used to isolate CpG dinucleotides with cytosine methyla-
tion that are located within the polymorphic CAG repeat
of the human androgen receptor (AR) gene promoter re-
gion. The MIC promoter region (375 bp) was used to es-
tablish complete digestion, and the proband's DNA sample
was included as a control. The DNA was digested with the
methylation-sensitive restriction enzyme Hpall (Takara,
Japan). The PCR primers included: AR-FP: 6-FAM-
TCCAGAATCTGTTCCAGAGCGTGC, AR-RP: GCTGT
GAAGGTTGCTGTTCCTCAT, MIC2-FP: 6-FAM-AGAG
GTGCGTCCGATTTTTCCC, and MIC2-RP: ACCGCCGC
AGATGGACAATT. The amplicons were then sequenced

using an ABI 3730 (Applied Biosystems Inc.) and analyzed
using GeneMarker software (SoftGenetics). XCI status was
determined by performing peak comparisons between the
two AR alleles (different sizes) from digested and nondi-
gested DNA aliquots for each sample (Jones, 2014).

3.8 | Protein structure prediction and
visualization

The I-TASSER (iterative threading assembly refinement)
program (Yang et al., 2015) utilizes template-based mode-
ling by making structural predictions based on fold homol-
ogy. Herein, both the protein homology/analogy recognition
V 2.0 (Phyre2; Kelley, Mezulis, Yates, Wass, & Sternberg,
2015) and I-TASSER programs were utilized to investigate
the effects of the candidate mutations. Additionally, three-
dimensional (3D) structures of the wild-type and mutant
proteins were generated using Pymol 2.1.0 (www.pymol.
org). To predict how the missense mutation affects pro-
tein stability, STRUM (Quan, Lv, & Zhang, 2016) was uti-
lized and based on the I-TASSER model. The value of the
free energy difference between the wild-type and mutant
(AAG) was utilized to predict the protein stability due to
particular amino acid changes.

3.9 | Statistical analysis

All the data are expressed as a means + SE. Comparisons of
quantitative data were performed by using Student's ¢ test,
with p < .05 deemed statistically significant.
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4 | RESULTS TABLE 2 Bioinformatics analysis of identified mutations
ope . . LAMP?2 p.
4.1 | Identlfl.catlon of. p.G93R in LAMP2 Variant G93R DSC2_p.G790del
and p.G790del in DSC?2 in the proband
SNP ID 1s727504953 rs377272752

To investigate a possible genetic cause associated with fa- Frequency in EXAC 5.7e—5 1.4e—3
milial HCM, exome sequencing was utilized to examine 178 SIFT_pred D D
cardlojdlseas.e-assomated genes in the Proband. Following Polyphen2_HDIV pred P -
analysis, to include the use of sequencing chromatograms

. . . Polyphen2_ HVAR _pred B —
(Figure 1b), only two candidate mutations, LAMP2_p.G93R )
(NM_013995.2) and DSC2_p.G790del (NM_024422.4), ~ MutationTaster_pred =D D
were identified. MutationAssessor_pred M —

The identified LAMP2 (rs727504953) missense mutation PROVEAN_pred D D
(p-G93R) is localized in a lumenal domain and has a minor FATHMM_pred T —
allele frequency (MAF) of 5.7e-5 according to the EXAC da- FATHMM-MKL _pred D —
tabase. In a previous study, the p.G93R variant was reported LRT N _
to be a likely benign variant (ClinVar, Variation ID: 179562) CADD 11.92
based on the propoged variant ass.essment fr.amework (Duzkale GERP 1.68 .
et al.,.20}3). Herein, conservation analysis shov&'/ed that the phastCons100way_ver- 0.9 -
locus is highly conserved across vertebrates, despite a lack of e

conservation across mammalians (Table 2). Furthermore, bio-
informatics analysis examining whether the p.G93R variant is
possibly deleterious had three analytical programs suggests a
possibly damaging to damaging status, while three other pro-
grams indicated a neutral status (Table 2).

In the proband, one rare in-frame deletion mutation,
p-G790del, was identified in DSC2 (rs377272752), with a
MAF of about 0.14%. This deletion occurred at a highly con-
served residue. However, the interpretations of pathogenic-
ity were varied, from benign to likely pathogenic within the
ClinVar database (Variation ID: 180319), to being predicted
as damaging by SIFT, MutationTaster, and PROVEAN
databases.

42 |

The identification of the p.G93R mutation in LAMP2 can
be associated with a DD diagnosis. Since DD may also in-
volve skeletal myopathy, cognitive disorders, and visual dis-
turbances, the proband was referred to a neurologist and an
ophthalmologist for a formal assessment. His CK levels were
normal (106 U/L), and both the neurological and ophthalmo-
logic examinations were normal, with no neuromuscular ab-
normalities detected following electromyography.

Further genetic screening was performed for various rel-
atives and revealed that the LAMP2 p.G93R mutation can
be found in hemizygotic males (Il 4 and III 3) and hetero-
zygotic females (II 2 and II 3), while the DSC2 p.G790del
mutation was only found in individuals IT 2, IT 4, IT 5, and
III 1 (Figure la). No toxic exposure was reported among
the family members. Clinical evaluations were also per-
formed for the evaluated family members, and all members
had normal serum CK levels. Echocardiograms showed

Genotype—phenotype correlation

phastCons20way_mam-  0.12
malian

SiPhy_29way 6.025 —

Note: The table includes scores that assess pathogenicity and evolutionary
conservation. The bold bioinformatic results indicate a potential deleterious
impact for the variants. LAMP2_p.G93R (NM_013995.2), and DSC2_p.G790del
(NM_024422.4). SIFT: D, deleterious; T, tolerated. Polyphen2: D, probably
damaging; P, possibly damaging; B, benign. MutationTaster: D, disease causing;
P, polymorphism. MutationAssessor: H, high; M, medium; L, low; N, neutral.
PROVEAN: D, deleterious; N, neutral. FATHMM: D, deleterious; T, tolerated.
FATHMM-MKL: D, deleterious; T, tolerated. LRT: D, deleterious; N, neutral;
U, unknown. CADD: P, pathogenic.

Abbreviations: CADD, combined annotation dependent depletion; ExAC,
exome aggregation consortium; GERP, genomic evolutionary rate profiling;
LRT, likelihood ratio test; SNP, single nucleotide polymorphism.

that family members II 3 and II 4 had left ventricular di-
astolic dysfunction with LVEFs at 55% and 52%, respec-
tively. Twelve-lead ECGs showed that varying degrees of
T inversion were present in individuals II 2, IT 4, IT 5, and
III 1, all of whom are DSC2_ p.G790del mutation carriers
(Table 1).

4.3 | Structural analysis of LAMP2
p-GI93R and DSC2 p.G790del mutations

To elucidate the mutational consequences, structural analysis
for both the LAMP2 p.G93R and DSC2 p.G790del mutations
was performed. Full-length LAMP2 (UniProtKB/Swiss-Prot
P13473) and DSC2 (UniProtKB/Swiss-Prot Q02487) amino
acid sequences were imported into the -TASSER program, and
the best output model was selected based on the internal ranking.
The threading templates most frequently used by I-TASSER
to construct the LAMP2 model were obtained from the Protein
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Data Bank (PDB; accession numbers: 5gv3A, 4akmA, 5gv0A,
and 5gv3). A high secondary structure prediction confidence
score was obtained for the Gly93 position, with this mutation
predicted to cause an N-terminal change from an alpha-helical
structure to a beta strand, which is consistent with the Phyre2
results (Figure 2a). LAMP2 wild-type and p.G93R mutant 3D
models were constructed using Pymol (Figure 2b), with differ-
ences noted that appear to be reflecting different physical and
chemical properties. Furthermore, when evaluating the protein
stability based on the obtained model using STRUM (Quan et
al., 2016), AAG = —1.13 was obtained, thus indicating that the
mutation causes destabilization.

The top threading template for predicting both the DSC2
p-G790del and normal models was based on PDB accession
number SiryA (human Desmocollin-1 ectodomain), with
an identity = 0.55, normalized Z-score = 3.44, and cover-
age = 0.60. Moreover, based on the constructed model, the
p-G790del mutation is predicted to affect the C-terminal sec-
ondary structure, subsequently causing a drastic conforma-
tional change in the cytoplasmic tail of DSC2 (Figure 2c).

44 | LAMP2 p.G93R mutation significantly
reduces LAMP?2 expression

To assess the functional effect of the p.G93R mutation,
LAMP? expression in peripheral white blood cells was exam-
ined in family members (I1 2, I1 3, 1T 4, II 5, IIT 1, IIT 2, and 111
3) via Western blotting. Three independent experiments were
quantified and graphed (Figure lc—e), and relative LAMP2
protein levels were compared between mutation carriers and
nonmutation subjects. The results showed a significant differ-
ence in LAMP2 expression between LAMP2 mutation carri-
ers and nonmutation subjects (Figure 1c), while no significant
difference in LAMP2 expression was noted between DSC2
mutation carriers and nonmutation subjects (data not shown).
Moreover, of the four family members carrying the LAMP2
p-G93R mutation, LAMP2 protein expression levels were
only significantly decreased in three of the LAMP2 mutation
carriers (II 3, II 4, and IIT 3) when compared with the non-
mutation carrier (IIT 2), with no significant difference noted
in the remaining LAMP2 mutation carrier (II 2; Figure 1d,e).

4.5 | Skewed X chromosome inactivation in
one female p.G93R mutation carrier

To explore the possibility that the absence of clinical signs
and a LAMP? protein reduction in a female mutation carrier
(IT 2) is attributable to a skewed XCI, inactivation analysis
was performed. Sufficient Hpall digestion of the active allele
was confirmed by the absence of a corresponding peak area
in a male sample. The results for the II 2 individual showed a
skewing at levels of 82%:18%, thus indicating a skewed XCI
pattern (Figure 1d). Furthermore, females II 3 and II 5 were

found to be homozygous for the polymorphic CAG repeat,
thus could not provide any additional insight.

5 | DISCUSSION

Recently developed exome sequencing technologies and bioin-
formatics tools offer cost effective and highly accurate results
and have been widely used to identify genetically inherited
diseases. Herein, the genetic underpinnings associated with
a familial HCM case were examined by applying exome se-
quencing. After examining the proband, LAMP2_ p.G93R and
DSC2_p.G790del mutations were identified as presenting with
an asymmetric HCM phenotype. In this study, the patient's dis-
ease presentation, as well as the disease course, is the mildest
DD case yet identified. Furthermore, of the four family mem-
bers carrying the LAMP2 p.G93R mutation, only one male
member and one female member showed a mild HCM phe-
notype regarding left ventricular diastolic dysfunction. Both of
these individuals did not suffer from all of the clinical triad
commonly associated with this disease as described above.
Additionally, in silico analysis predicted that the LAMP2
p-G93R mutation causes a structural change that leads to pro-
tein instability. Furthermore, functional evaluation showed
that in LAMP2 p.G93R mutation carriers, LAMP2 expression
is reduced when compared with nonmutation carriers. These
findings suggest that this genetic mutation is in fact pathogenic.

A skewed XCI in the peripheral blood of patients with X-
linked diseases has been previously documented (Vacca, Della,
Scalabri, & D'Esposito, 2016). Herein, DD was found to be
caused by heterozygous mutations in an X-linked gene, thus
suggesting that XCI might have a role in DD and contribute
to the clinical phenotype variability. In this study, one female
LAMP?2 p.G93R mutation carrier (Il 2) was found to have a
skewed XCI. She showed a normal left ventricle and nearly
normal LAMP?2 expression, whereas the other female mutation
carrier (II 3) showed a hypertrophic left ventricle, left ventric-
ular diastolic dysfunction and decreased LAMP2 expression. It
is likely that the skewed XCI ratio found in female II 2 helped
her escape the negative influence of the mutation and offered
protection from DD. In another study, a very different outcome
was reported with an early onset DD female carrying a LAMP?2
¢.453delT mutation given an unfavorable prognosis (Bottillo et
al., 2016). In the II 2 female in this study, an uneven and patchy
distribution of LAMP2 was noted in her cardiomyocytes, which
correlated with the percentage of XCI in her blood leukocytes
and cardiac muscle. All together, these findings highlight the
importance of XCI in DD etiology.

Notably, over 70 mutations have been reported to be asso-
ciated with DD (D'Souza et al., 2014), with most being loss of
function mutations, including frameshift, nonsense, and splicing
mutations. To date, only three of the reported mutations have
been missense mutations (p.W321R, p.G384R, and p.C18R)
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FIGURE 2 (a) Predicted secondary structure based on template/homology modeling using Phyre2. The first line indicates the amino acid
sequence, and the second line is the secondary structure prediction for the normal LAMP?2 protein (left) and the mutant protein (Arg93) (right),
with the high confidence value score indicated with light red on line three. The secondary structure around the N-terminal is affected in the mutant

protein. (b) LAMP2 3D structure for the wild-type (left) and Gly93Arg mutant (right) as generated with PyMOL. The mutation site is highlighted in
red. (c) DSC2 3D structure for the wild-type and Gly790del mutant
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(Kyaw, Shaik, Lin, & Shinnar, 2018; Musumeci et al., 2005;
van der Kooi et al., 2008). Furthermore, all of these missense
mutations occur in LAMP?2 and are associated with atypical and
late onset DD. Mental retardation, while common in DD, is not
observed in these patients. Patients carrying the p.W321R mu-
tation present with HCM, persistent hyperCKemia, and exercise
intolerance (Musumeci et al., 2005). However, in this study, the
proband and family members carrying the p.G384R mutation
were characterized by left ventricular hypertrophy, progressive
muscle weakness (van der Kooi et al., 2008), and cone-rod
dystrophy (Thiadens et al., 2012). Additionally, another study
examining one patient carrying the p.C18R mutation reported
the individual to have severe HCM and severe dilated cardio-
myopathy with an absence of neurological and skeletal muscle
pathology (Kyaw et al., 2018). Interestingly, a previous study
also identified the LAMP2 p.G93R mutation in one proband
with familial HCM but reported it to likely be a benign variant
due to a lack of conservation (Duzkale et al., 2013) (Laboratory
for Molecular Medicine, Partners HealthCare Personalized
Medicine). These discrepancies will require further examination
in future studies to resolve these differences.

Usually, DD is a rapidly progressing and fatal disease. Only
very few DD cases present with only a cardiac phenotype in
the absence of other symptoms (Dougu et al., 2009; Hedberg
et al., 2015; Kim et al., 2014). Sugie et al. described a female
DD patient with decreased LAMP2 expression and proposed
that a 50% reduction in LAMP?2 expression may prevent the de-
velopment of myopathy, but not cardiomyopathy (Sugie et al.,
2018). Therefore, we also propose that phenotypes restricted to
heart involvement may be attributed to a mutated LAMP?2 pro-
tein having some residual function. However, less than 50% of
LAMP? expression was detected in the II 3 individual; thus the
absence of myopathy may be attributed to other factors as well.

DSC2, encoding desmocollin 2, has been reported to be
associated with arrhythmogenic right ventricular cardiomy-
opathy. In the present family, an in-frame deletion mutation,
DSC2_p.G790del, was also identified. Notably, this p.G790del
mutation has been previously reported in two patients with
epilepsy-related sudden unexpected death (Hata, Yoshida,
Kinoshita, & Nishida, 2017). Fibrofatty replacement of the
right ventricle was found in both patients, suggesting a possi-
ble causative role associated with the mutation. In this study,
despite conflicting interpretations in the ClinVar database,
the in silico analysis predicted that the deletion variant dis-
rupts the cytoplasmic tail. Moreover, a T wave inversion was
present in the DSC2 mutation carriers, which indicates that
the p.G790del variant can affect phenotypic expression. Thus,
it would seem that this variant probably acts as a possible can-
didate genetic modifier. However, more genetic evidence and
functional experiments are needed for confirmation.

Based on previous reports and the findings presented
herein, LAMP?2 haploinsufficiency, along with XCI, is most
likely the important determinant of phenotype in female

patients. Other mechanisms, such as genetic modifiers and
lifestyle, may also be associated with variable phenotypic ex-
pression. Still, the establishment of the pathogenesis underly-
ing DD requires further investigation.

6 | CONCLUSION

The findings presented herein suggest that the LAMP2
p-G93R mutation causes mild DD that presents with late onset
familial HCM. This study broadens the spectrum of DD, with
this study reporting the first case where XCI serves a protec-
tive role in one female mutation carrier. Considering the mild
disease presentation, DD may be overlooked in such HCM
patients. Genetic analysis, along with a correct interpretation
of the genetic findings, is necessary to provide an accurate
diagnosis and is of the utmost importance for better patient
management. The approach utilized herein should be a main-
stay diagnostic tool, particularly when attempting to obtain
a differential diagnosis of disorders with a HCM phenotype.

ACKOWLEDGMENTS

We would like to express our gratitude to the proband and
his family members who agreed to participate in this study.
This work was supported by the Natural Science Foundation
of Jiangsu Province (BK20180376) and the Natural Science
Foundation of Jiangsu Province (BK20171369). We thank
LetPub (www.letpub.com) for its linguistic assistance during
the preparation of this manuscript.

CONFLICT OF INTEREST

The authors have no conflict of interest to declare.

ORCID
Qiming Dai "= https://orcid.org/0000-0002-2159-4157
REFERENCES

Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova,
A., Bork, P., ... Sunyaev, S. R. (2010). A method and server for
predicting damaging missense mutations. Nature Methods, 7(4),
248-249. https://doi.org/10.1038/nmeth0410-248

Bottillo, I., Giordano, C., Cerbelli, B., D'Angelantonio, D., Lipari, M.,
Polidori, T., ... Grammatico, P. (2016). A novel LAMP2 mutation
associated with severe cardiac hypertrophy and microvascular re-
modeling in a female with Danon disease: A case report and litera-
ture review. Cardiovascular Pathology, 25(5), 423-431. https://doi.
org/10.1016/j.carpath.2016.07.005

Chun, S., & Fay, J. C. (2009). Identification of deleterious mutations
within three human genomes. Genome Research, 19(9), 1553-1561.
https://doi.org/10.1101/gr.092619.109


http://www.letpub.com
https://orcid.org/0000-0002-2159-4157
https://orcid.org/0000-0002-2159-4157
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1016/j.carpath.2016.07.005
https://doi.org/10.1016/j.carpath.2016.07.005
https://doi.org/10.1101/gr.092619.109

XU ET AL.

Molecular Genetics & Genomic Medicine_wl LEYM

D’souza, R. S., Levandowski, C., Slavov, D., Graw, S. L., Allen,
L. A.,, Adler, E., ... Taylor, M. R. G. (2014). Danon disease:
Clinical features, evaluation, and management. Circulation: Heart
Failure, 7(5), 843-849. https://doi.org/10.1161/CIRCHEARTF
AILURE.114.001105

Davydov, E. V., Goode, D. L., Sirota, M., Cooper, G. M., Sidow, A.,
... Batzoglou, S. (2010). Identifying a high fraction of the human
genome to be under selective constraint using GERP++. Plos
Computational Biology, 6(12), e1001025. https://doi.org/10.1371/
journal.pcbi.1001025

Dougu, N., Joho, S., Shan, L., Shida, T., Matsuki, A., Uese, K., ...
Inoue, H. (2009). Novel LAMP-2 mutation in a family with Danon
disease presenting with hypertrophic cardiomyopathy. Circulation
Journal, 73(2), 376-380. https://doi.org/10.1253/circj.CJ-08-0241

Duzkale, H., Shen, J., McLaughlin, H., Alfares, A., Kelly, M. A., Pugh,
T.J., ... Lebo, M. S. (2013). A systematic approach to assessing the
clinical significance of genetic variants. Clinical Genetics, 84(5),
453-463. https://doi.org/10.1111/cge.12257

Hata, Y., Yoshida, K., Kinoshita, K., & Nishida, N. (2017). Epilepsy-re-
lated sudden unexpected death: Targeted molecular analysis of in-
herited heart disease genes using next-generation DNA sequencing.
Brain Pathology, 27(3), 292-304. https://doi.org/10.1111/bpa.12390

Hedberg, O. C., Mathe, G., Thomson, K., Tulinius, M., Karason, K.,
Ostman-Smith, 1., ... Oldfors, A. (2015). Early onset cardiomy-
opathy in females with Danon disease. Neuromuscular Disorders,
25(6), 493-501. https://doi.org/10.1016/j.nmd.2015.03.005

Jones, J. R. (2014). Nonrandom X chromosome inactivation detec-
tion. Current Protocols in Human Genetics, 80, 7-9. https://doi.
org/10.1002/0471142905.hg0907s80

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., & Sternberg, M. J.
(2015). The Phyre2 web portal for protein modeling, prediction and
analysis. Nature Protocols, 10(6), 845-858. https://doi.org/10.1038/
nprot.2015.053

Kim, J., Parikh, P., Mahboob, M., Arrighi, J. A., Atalay, M. K., Rowin,
E. J., ... Maron, M. S. (2014). Asymptomatic young man with
Danon disease. Texas Heart Institute Journal, 41(3), 332-334. https
://doi.org/10.14503/THI1J-13-3279

Kumar, P., Henikoff, S., & Ng, P. C. (2009). Predicting the effects of
coding non-synonymous variants on protein function using the
SIFT algorithm. Nature Protocols, 4(7), 1073-1081. https://doi.
org/10.1038/nprot.2009.86

Kyaw, H., Shaik, F., Lin, A. N., & Shinnar, M. (2018). A mild version
of Danon Disease caused by a newly recognized mutation in the ly-
sosome-associated membrane protein-2 gene. Cureus, 10(2), €2155.
https://doi.org/10.7759/cureus.2155

Li, H., & Durbin, R. (2010). Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics, 26(5), 589-595. https
://doi.org/10.1093/bioinformatics/btp698

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer,
N., ... Durbin, R. (2009). The Sequence Alignment/Map format
and SAMtools. Bioinformatics, 25(16), 2078-2079. https://doi.
org/10.1093/bioinformatics/btp352

Lindblad-Toh, K., Garber, M., Zuk, O. R., Lin, M. F., Parker, B. J.,
Washietl, S., ... Kellis, M. (2011). A high-resolution map of human
evolutionary constraint using 29 mammals. Nature, 478(7370),
476-482. https://doi.org/10.1038/nature 10530

Mahmood, T., & Yang, P. C. (2012). Western blot: Technique, theory,
and trouble shooting. North American Journal of Medical Sciences,
4(9), 429-434. https://doi.org/10.4103/1947-2714.100998

Open Access,

Musumeci, O., Rodolico, C., Nishino, I., Guardo, G. D., Migliorato,
A., Aguennouz, M., ... Toscano, A. (2005). Asymptomatic hyper-
CKemia in a case of Danon disease due to a missense mutation in
Lamp-2 gene. Neuromuscular Disorders, 15(6), 409-411. https://
doi.org/10.1016/j.nmd.2005.02.008

Quan, L., Lv, Q., & Zhang, Y. (2016). STRUM: Structure-based pre-
diction of protein stability changes upon single-point mutation.
Bioinformatics, 32(19), 2936-2946. https://doi.org/10.1093/bioin
formatics/btw361

Semsarian, C., Ingles, J., Maron, M. S., & Maron, B. J. (2015). New
perspectives on the prevalence of hypertrophic cardiomyopathy.
Journal of the American College of Cardiology, 65(12), 1249-1254.
https://doi.org/10.1016/j.jacc.2015.01.019

Siepel, A., Bejerano, G., Pedersen, J. S., Hinrichs, A. S., Hou, M.,
Rosenbloom, K., ... Haussler, D. (2005). Evolutionarily con-
served elements in vertebrate, insect, worm, and yeast genomes.
Genome Research, 15(8), 1034—-1050. https://doi.org/10.1101/
2r.3715005

Sugie, K., Komaki, H., Eura, N., Shiota, T., Onoue, K., Tsukaguchi,
H., Nishino, I. (2018). A Nationwide Survey on Danon Disease in
Japan. International Journal of Molecular Sciences, 19(11). https://
doi.org/10.3390/ijms 19113507

Thiadens, A. A., Slingerland, N. W., Florijn, R. J., Visser, G. H.,
Riemslag, F. C., ... Klaver, C. C. (2012). Cone-rod dystrophy can
be a manifestation of Danon disease. Graefes Archive for Clinical
and Experimental Ophthalmology, 250(5), 769-774. https://doi.
org/10.1007/s00417-011-1857-8

Vacca, M., Della, R. F., Scalabri, F., & D'Esposito, M. (2016). X in-
activation and reactivation in X-linked diseases. Seminars in Cell
& Developmental Biology, 56, 78-87. https://doi.org/10.1016/j.
semcdb.2016.03.009

van der Kooi, A. J., van Langen, I. M., Aronica, E., van Doorn, P. A.,
Wokke, J., Brusse, E., ... de Visser, M. (2008). Extension of the
clinical spectrum of Danon disease. Neurology, 70(16), 1358—1359.
https://doi.org/10.1212/01.wnl.0000309219.61785.b3

Xu, J., Li, Z., Ren, X., Dong, M., Li, J., Shi, X., ... Dai, Q. (2015).
Investigation of pathogenic genes in Chinese sporadic hypertrophic
cardiomyopathy patients by whole exome sequencing. Scientific
Reports, 5, 16609. https://doi.org/10.1038/srep16609

Yang, J., Yan, R., Roy, A., Xu, D., Poisson, J., ... Zhang, Y. (2015). The
I-TASSER Suite: Protein structure and function prediction. Nature
Methods, 12(1), 7-8. https://doi.org/10.1038/nmeth.3213

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

How to cite this article: Xu J, Wang L, Liu X, Dai Q.
A novel LAMP2 p.G93R mutation associated with
mild Danon disease presenting with familial
hypertrophic cardiomyopathy. Mol Genet Genomic
Med. 2019;7:€941. https://doi.org/10.1002/mgg3.941



https://doi.org/10.1161/CIRCHEARTFAILURE.114.001105
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001105
https://doi.org/10.1371/journal.pcbi.1001025
https://doi.org/10.1371/journal.pcbi.1001025
https://doi.org/10.1253/circj.CJ-08-0241
https://doi.org/10.1111/cge.12257
https://doi.org/10.1111/bpa.12390
https://doi.org/10.1016/j.nmd.2015.03.005
https://doi.org/10.1002/0471142905.hg0907s80
https://doi.org/10.1002/0471142905.hg0907s80
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.14503/THIJ-13-3279
https://doi.org/10.14503/THIJ-13-3279
https://doi.org/10.1038/nprot.2009.86
https://doi.org/10.1038/nprot.2009.86
https://doi.org/10.7759/cureus.2155
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/nature10530
https://doi.org/10.4103/1947-2714.100998
https://doi.org/10.1016/j.nmd.2005.02.008
https://doi.org/10.1016/j.nmd.2005.02.008
https://doi.org/10.1093/bioinformatics/btw361
https://doi.org/10.1093/bioinformatics/btw361
https://doi.org/10.1016/j.jacc.2015.01.019
https://doi.org/10.1101/gr.3715005
https://doi.org/10.1101/gr.3715005
https://doi.org/10.3390/ijms19113507
https://doi.org/10.3390/ijms19113507
https://doi.org/10.1007/s00417-011-1857-8
https://doi.org/10.1007/s00417-011-1857-8
https://doi.org/10.1016/j.semcdb.2016.03.009
https://doi.org/10.1016/j.semcdb.2016.03.009
https://doi.org/10.1212/01.wnl.0000309219.61785.b3
https://doi.org/10.1038/srep16609
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1002/mgg3.941

