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LAMPZ2 Cardiomyopathy: Consequences of
Impaired Autophagy in the Heart
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BACKGROUND: Human mutations in the X-linked lysosome-associated membrane protein-2 (LAMPZ2) gene can cause a multi-
system Danon disease or a primary cardiomyopathy characterized by massive hypertrophy, conduction system abnormalities,
and malignant ventricular arrhythmias. We introduced an in-frame LAMP2 gene exon 6 deletion mutation (denoted L226) caus-
ing human cardiomyopathy, into mouse LAMPZ2 gene, to elucidate its consequences on cardiomyocyte biology. This mutation
results in in-frame deletion of 41 amino acids, compatible with presence of some defective LAMP2 protein.

METHODS AND RESULTS: Left ventricular tissues from L226 and wild-type mice had equivalent amounts of LAMP2 RNA, but a
significantly lower level of LAMP2 protein. By 20 weeks of age male mutant mice developed left ventricular hypertrophy which
was followed by left ventricular dilatation and reduced systolic function. Cardiac electrophysiology and isolated cardiomyocyte
studies demonstrated ventricular arrhythmia, conduction disturbances, abnormal calcium transients and increased sensitivity
to catecholamines. Myocardial fibrosis was strikingly increased in 40-week-old 226 mice, recapitulating findings of human
LAMP2 cardiomyopathy. Immunofluorescence and transmission electron microscopy identified mislocalization of lysosomes
and accumulation of autophagosomes between sarcomeres, causing profound morphological changes disrupting the cellular
ultrastructure. Transcription profile and protein expression analyses of L226 hearts showed significantly increased expression
of genes encoding activators and protein components of autophagy, hypertrophy, and apoptosis.

CONCLUSIONS: We suggest that impaired autophagy results in cardiac hypertrophy and profound transcriptional reactions that
impacted metabolism, calcium homeostasis, and cell survival. These responses define the molecular pathways that underlie
the pathology and aberrant electrophysiology in cardiomyopathy of Danon disease.
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membrane protein-2 (LAMPZ2) gene encoded on

chromosome X produce a range of severe clini-
cal manifestations. LAMP2 mutations that encode null
alleles cause multisystem Danon disease with neu-
rologic, hepatic, skeletal and cardiac muscle abnor-
malities.! In some patients/families, LAMP2 mutations
primarily cause cardiomyopathy, which accounts for
~1%—-3% of unexplained cardiac hypertrophy in ado-
lescents and young men.>* LAMP2 cardiomyopathy

Human mutations in the lysosome-associated

exhibits ventricular hypertrophy, conduction system
defects and ventricular arrhythmias,">® resulting in
heart failure and early death in young males and in
women of diverse ages. We assumed that some of
these mutations lead to production of certain amounts
of abnormal LAMP2 protein, thereby accounting for
the phenotypic differences.?

LAMP2 is a 410 amino acid, highly glycated pro-
tein that together with LAMP1 constitutes about 50%
of lysosomal membrane proteins. While its precise
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CLINICAL PERSPECTIVE

What Is New?

e We developed a mouse model of Danon dis-
ease containing a mutation found in a human
family; mice develop cardiomyopathy and con-
duction system disease comparable with car-
diac manifestations in the affected humans.

e Unlike previous statements associating Danons
disease with absence of LAMP2 (lysosome-
associated membrane protein-2 ), ie null allele,
we demonstrate the presence of abnormal pro-
tein in mutant mice. In addition to accumulating
autophagosomes, mice suffer from abnormal
lysosomal localization and dysfunction.

e Cardiomyocytes from mutant mice demonstrate
prolongation of contraction and relaxation, ab-
normal calcium transients and increased sensi-
tivity to catecholamines.

What Are the Clinical Implications?

e Different effects of LAMP2 mutations on protein
expression may explain the phenotypic diversity
of Danon disease.

e Presence of abnormal LAMP2 protein may give
rise to a predominant cardiac phenotype.

e Physiological and pharmacological factors af-
fecting autophagic flux may modify the clinical
course of cardiomyopathy in Danon disease.

Nonstandard Abbreviations and Acronyms

CsA cyclosporine A

L2%6 LAMP2 gene with in-frame deletion of
exon 6

LAMP2 lysosome-associated membrane
protein-2

LC3 microtubule-associated protein light
chain 3

WT wild-type

functions remain obscure, LAMP2 is thought to par-
ticipate in lysosomal biogenesis, particularly the se-
questration of enzymes, and in mediating lysosomal
fusion with autophagosomes. This vesicular structure
contains aged and defective cellular material targeted
for autophagy, ie, degradation and recycling.”° How
defects in these cellular processes result in the ma-
lignant cardiomyopathy of Danon disease is not com-
pletely understood.

A previously reported LAMP2-null mouse'®'® re-
capitulates the multisystem manifestations of Danon
disease, demonstrating prominent accumulation of
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autophagic vacuoles in visceral organs and striated
muscles, resulting in early lethality.">'® To study how
hypomorphic LAMP2 mutations cause cardiomyopa-
thy, we targeted the endogenous murine LAMP2 gene
by introducing an in-frame deletion of exon 6 (desig-
nated L2%9). This mutation was previously identified by
us in a human family with cardiomyopathy.? We hereby
report the phenotype and molecular analyses of 226
mice, defining novel hypertrophic pathways that are
clearly distinct from molecular signals responsible for
cardiac hypertrophy by sarcomere protein gene muta-
tions or storage diseases.

METHODS

Mouse Model

Mouse studies were performed in accordance with
protocols approved by the Institutional Animal Care
and Use Committee of Harvard Medical School. The
data that support the findings of this study are avail-
able from the first author upon reasonable request.

The mouse LAMPZ2 gene was identified in murine
CITB CJ7-129 Sv BAC library (Invitrogen, Al). Using ET
cloning technology," a 10450bp fragment encoding
exons 4-6 and flanking intron sequence (Figure 1A)
was subcloned into a modified Bluescript vector. A
Kpnl-Sacll fragment from PK11 vector containing the
neomycin resistance gene with flanking Frt sites'® and
a LoxP site was introduced into the Xmal site in intron
6. Another LoxP site was introduced by standard mu-
tagenesis into intron 5, located 200 bp 5'of exon 6. The
targeting construct (Figure 1A) was subcloned into the
thymidine kinase vector between the Xhol and Not |
sites.

The targeting construct was electroporated into
mouse embryonic stem cells. Targeted embryonic
stem cell clones were identified by Southern blot anal-
yses: DNA was digested with Sacll and probed with a
fragment corresponding to 665 bases 5’ of the target-
ing construct.

The L2% mice were made in 129SVEv em-
bryonic stem cells. Germline LAMP2-Neo mice
were sequentially bred with mice expressing Frt-
recombinase (Jackson Laboratory 005703, B6. Cg-
Tg(ACTFLPe)9205Dym/J) to remove the neo cassette in
the germline. Then they were bred with mice express-
ing Cre-recombinase (Jackson Laboratory 003328,
129S/Sv-Tg(Prm-cre)580g/J) to generate the germline
deletion L226 mice. The recombinase transgenes were
removed during multiple subsequent backcrosses into
the 129S6/SvEvTac background and there was no re-
sidual Cre activity.

All experiments were performed on male mice with
germline L22%6 mice or their wild-type (WT) littermates.
Heterozygous females had no manifest phenotype
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Figure 1. Construction of in-frame LAMP2 gene exon 6 deletion (L2%) mice.

A, lllustration of the L22¢ targeting construct shows the neomycin resistance gene surrounded by 2 flippase
recognition target (Frt) sites with exon (ex) 6 flanked by 2 locus of X-over P1 (LoxP) sites, ligated to the
thymidine kinase vector, between Xhol and Notl restriction sites. The charts below show on a larger scale
the wild-type (WT) allele, the engineered allele and the final L2 allele after applying Frt-recombinase and
Cre-recombinase. Primers used for genotyping (see Methods) are denoted by red arrows. TK, thymidine
kinase; neo, neomycin resistance gene B, Genotypes of WT, heterozygous female L2%¢* and male L26
mice were determined by size characterization of polymerase chain reaction-amplification of exon 6
using a common primer F together with R(WT) or R(L2%%) in 1 reaction. Amplicons of a WT (395 bp), L2%6
hemizygous male (=200 bp) and of heterozygous female are shown. C, Lysosome-associated membrane
protein-2 gene (LAMP2) reverse transcriptase-polymerase chain reaction shows L2%6 RNA shorter by 123
bases compared with the WT transcript. Both WT and L2%6 transcripts are present in female (heterozygous)
heart. Sequence analyses of polymerase chain reaction products confirmed the absence of exon 6 inL246
transcripts (data not shown). Real-time quantitative polymerase chain reaction showed comparable levels
of LAMP2 transcripts in the hearts from WT (white bar), heterozygous L22¢* (grey bar) and female L228/
46 (black bar) mice, mean+SEM. L2%6 indicates in-frame LAMP2 gene exon 6 deletion; and WT, wild-type.

and were thus used for breeding. Mice were geno-
typed by polymerase chain reaction (PCR) using the
following primers (denoted by red arrows Figure 1A):
F-CCTCATTTGGACACCAGAGGGAGTG; R(WT)-
GACAGCTGCCGGTGAAGTTGGTTG  or  R(L2%)-
TCACCGCGGTGGCGGCCG. To demarcate the
conductive system, L226 mice were bred to MinK-lacZ
reporter mice.'®

Quantitative Real-Time Reverse
Transcriptase-PCR

Two micrograms of ventricular RNA was isolated from
20- to 30-week-old L2%6, | 226 heterozygous female
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and WT male mice using the TRIzol reagent (Invitrogen,
Carlsbad, CA) and reverse transcribed with random
hexamer primers and MultiScribe reverse transcriptase
(High Capacity cDNA Reverse Transcription Kit,
Applied Biosystems, Foster City, CA). Oligonucleotide
primers F(LAMP2): 5-AGGCGCAAAGCTCATCCTG-3;
R(LAMP2): 5-CCCATTCTGCATAAAGGCAAGTA-3’; F
(Hprt): 5-GTTAAGCAGTACAGCCCCAAA-3’; R(Hprt):
5-AGGG-CATATCCAACAACAAACTT-3'  were de-
signed using Primer3 (http:/frodo.wi.mit.edu/) or
retrieved from Primer Bank (http:/pga.mgh.harva
rd.edu/primerbank/). Fifteen microliter quantitative-
PCR reactions were performed by 7500 Fast Real-
Time PCR System (Applied Biosystems, Foster City,
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CA) containing Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA), 7.5 pmol of each
primer, and 2 pL of cDNA template. Levels of mMRNA
expression were normalized using hypoxanthine gua-
nine phosphoribosy! transferase-1 (Hprt1) as control
and calculated according to the AC; method."” The
dissociation curve analysis was performed after each
complete quantitative PCR to confirm an expected
DNA product.

Protein Analysis

Lysosome protein extracts were prepared using Su-
crose density centrifugation based on the method of
Harms et al.'® Following tissue lysis in NP40-containing
buffer, ventricular cytoplasmic and sarcoplasmic re-
ticulum fractions were separated by differential cen-
trifugation as described.'® Protein concentrations were
determined by the Bradford method (Bio-Rad) or BCA
assay (Pierce). Western blots of cell fractions were
performed using standard procedures with the follow-
ing antibodies: rabbit monoclonal anti-LAMP1(1:500,
Sigma), rabbit monoclonal anti-LAMP2 (1:500, Sigma),
goat monoclonal anti-Cathepsin B (1:1000, R&D sys-
tems), goat monoclonal anti-Cathepsin D (1:1000,
R&D systems), rabbit polyclonal anti-microtubule-
associated protein light chain 3 (LC3)-I and LCS-II
(1:1000, Cell Signaling Technology), rabbit polyclonal
anti-calsequestrin - (1:2500, Affinity BioReagents),
mouse monoclonal anti-SERCA2 ATPase (1:5000,
Affinity BioReagents), rabbit polyclonal anti-calstabin
(FKBP12.6) (1:1000; Affinity BioReagents), mouse
monoclonal anti-PLN (1:1000; Millipore), rabbit poly-
clonal anti-RyR2 DeP Ser2809 (un-phosphorylated at
serine residue 2809; 1:1000; Badrilla), rabbit polyclonal
anti-RYR2 P Ser2809 (phosphorylated at serine resi-
due 2809; 1:1000; Badrilla). Horseradish peroxidase-
conjugated secondary antibodies were used for
chemiluminescence detection. Western blot signals
were quantified using National Institutes of Health
Imaged software (http://rsb.info.nih.gov/). LC3 western
blots were performed at baseline and after 48 hours
of starvation (only drinking water was given). High-
sensitivity cardiac troponin T levels were measured in
serum with Elecsys STAT kit (Roche Diagnostics).

Echocardiography

Images were acquired using the Vevo 770 High-
Resolution In Vivo Micro-Imaging System and RMV
707B scanhead (VisualSonics Inc.) at heart rates of
500 to 550 bpm as described.?>?" Images were ob-
tained as 2-dimensional (left parasternal long and
short axes) and M-mode (left parasternal short axis).
Left ventricular (LV) end-diastolic diameter, LV end-
systolic diameter, and wall thickness were determined
by averaging measurements of 3 consecutive cardiac
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cycles. LV fractional shortening (%) was calculated as
(LV end-diastolic diameter — LV end-systolic diameter)/
LV end-diastolic diameter x100. Two experienced ob-
servers who were blinded to genotypes conducted the
measurements.

Electrophysiology

Multi-lead ECG recordings, electrophysiological stud-
ies, and continuous telemetry were performed as
previously described,?>?% by 2 experienced electro-
physiologists who were blinded to mouse genotypes.

Histopathology and Electron Microscopy
Mouse ventricular histology was performed after phos-
phate buffered saline (PBS) washes, fixation in 10% for-
maldehyde, and paraffin embedding. Five-micrometer
sections were stained with hematoxylin and eosin,
Masson trichrome and special stains. Human ventricu-
lar tissue from a male patient with LAMP2 mutation
Y109Ter was fixed in formalin, and 6 um sections were
stained (as s reference) with Masson trichrome.

Conduction system histology was performed in
25-week-old 226 and WT hearts carrying the MinK-
LacZ allele as described.’® B-Galactosidase activity
in these hearts was detected by 5-bromo-4-chloro-3
-indolyl-beta-d-galactopyranoside (X-Gal- dark blue)
staining. Quantification of X-Gal positive cells was ob-
tained using National Institutes of Health ImagedJ soft-
ware (http:/rsb.info.nih.gov/). For transmission electron
microscopy, ventricular myocardium from 25-week-old
L2%6 and WT mice (3 mice per group) were fixed with
glutaraldehyde using standard protocols.

To study the effect of cyclosporine A (CsA) on left
ventricular hypertrophy, 32-week-old mice (n=3/group),
were injected subcutaneously 15 pg/g of bodyweight
twice per day, for 2 weeks. Echocardiographic mea-
surements were done before and after treatment, as
described.

Isolated Cardiomyocyte Studies

Adult ventricular myocytes were isolated via a
Langendorff hanging heart preparation and enzy-
matic digestion as previously described.?*?5 For im-
munofluorescence studies, the isolated myocytes
were fixed in 1% paraformaldehyde and spun onto
slides using Cytospin3 (Shandon). After PBS washes,
myocytes were permeabilized with 0.2% Triton X-
100 and blocked with 5% fetal bovine serum in PBS.
Slides were incubated overnight with goat monoclonal
antibodies against lysosomal enzymes anti-Cathepsin
B (1:.50, R&D systems) or anti-Cathepsin D (1:50,
R&D systems) in 1% fetal bovine serum. Slides were
washed and incubated with Alexa fluor 488 or 594
florescence labeled rabbit anti goat antibodies (1:100,
Invitrogen), counterstained with Alexa Fluor 488 or
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647 florescence labeled phalloidin (Invitrogen) and
DAPI. Images were acquired using a Leica TCS SP2
confocal microscope.

For calcium transient analysis, the isolated ven-
tricular myocytes were loaded with 1.2 mmol/L Ca®
and 1 pmol/L fura-2/AM Ca?* indicator (Invitrogen) as
previously described.?326 Only rod-shaped cells with
striations and resting sarcomere length >1.6 um were
studied. Myocytes were quiescent in the absence of
electrical stimulation or were paced with1 Hz using
platinum wires. Sarcomere contraction and fura-2 flu-
orescence ratios were simultaneously recorded from
discrete positions in myocytes using a dual-excitation
fluorescence imaging/contractility recording system
(lonWizard SarcLen detection and PMT Acquisition
fluorescence system; lonOptix Corp.). Sarcomere
length and Ca?* transient recordings were performed
in Tyrode buffer, and where indicated, with 5.5 mmol/L
Epinephrine using lonOptix transient analysis software
(version 5.0; lonWizard).

RNA Sequence

RNAseq libraries were constructed as described,?”
except for libraries not normalized with the Duplex-
specific enzyme or fragmented. Reads were aligned
on the mouse genome using TOPHAT and BOWTIE
and expression profiles were constructed as previously
described.?”

Statistical Analysis

Data are expressed as mean+SEM. Significance was
assessed using ANOVA, unpaired Student’s t tests for
continuous variables and Fisher exact test for catego-
rized variables, as appropriate. Generalized Estimating
Equation was used when numerous myocytes or sec-
tions were analyzed from the same mouse. P values
<0.05 were considered significant. A change in gene
expression was defined by at least >1.5 or <0.67 ratio
in the read count (for increase or decrease respec-
tively, at a P value of <0.001).

RESULTS

The in-frame exon 6 deletion in the endogenous LAMP2
gene (Figure 1A and 1B) resulted in neonatal death in
~25% of hemizygous male L2%¢ mice. Surviving mu-
tant males, while initially smaller than WT littermates,
achieved comparable size and weight by 12 weeks of
age (=30 g), and exhibited normal voluntary activity and
survival (Figure S1).

LV tissues from L2 and WT mice had equivalent
amounts of LAMP2 RNA, although the L22° transcript
was smaller due to the deletion of 123 bp encoding exon
6 (Figure 1C). Western blots of LV extracts (Figure 2A)
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showed significantly lower levels of LAMP2 protein in
226 compared with WT mice (5.6-fold+2.6; P=0.002).
SDS-PAGE gels indicated that mutant and WT LAMP2
protein had comparable sizes (=110kd), implying that
both molecules underwent post-translational glycation.

Development of Cardiomyopathy in L2426
Mice

Significant cardiac hypertrophy developed after
20 weeks of age in male L2%¢ mice (Figure 2B) with
preserved or even increased systolic function (Table 1).
These mice had a pronounced elevation of serum
cardiac troponin T (484+246, range 150-920 ng/L,
compared with non-detectable levels (<13) in WT,
P=0.001, n=7/group) indicating an ongoing myocar-
dial injury. The fractional shortening decreased in aged
(=40 weeks) compared with younger L2 mice while
it did not change with aging in WT animals (Table 1).
Heart to body weight at 40 weeks increased in 226
compared with WT mice (7.44 and 6.03, respectively;
n=6, P<0.05) and myocardial fibrosis was strikingly in-
creased (Figure 2C), recapitulating findings of human
LAMP2 cardiomyopathy (Figure 2D). Cell death in L226
was indicated by troponin elevation and degenerative
changes in some cardiomyocytes (Figure S2), and was
presumably followed by myocardial fibrosis.

Hearts of L2%¢ mice contained ~x2 glycogen com-
pared with WT. This accumulation is insufficient to be
considered “storage”?® and no PAS-positive inclusions
were identified in histological sections from L2 mice.
Transmission electron microscopy of LV specimens
from WT and L2%6 showed that mutant myocytes had
abundant bilayer membrane vesicles containing inclu-
sions composed of cytoplasmic remnants, partially
degraded organelles, and nonspecific amorphous ma-
terials. These features characterize autophagosomes,
a cytoplasmic structure that deliver sequestered
cargo to lysosomes for final degradation and recycling
(Figure 2E). These large structures disrupted the nor-
mal sarcomere organization in L2%¢ mice (Figure 2E,
right lower panel).

Heart rhythm telemetry demonstrated no difference
in average sinus heart rate between WT and L226 mice
(data not shown). Cardiac electrophysiology showed
PR prolongation and intermittent atrio-ventricular block
in L2%6 compared with WT mice (Figure 3A and 3B).
Atrio-ventricular block occurred in 60% of L2%¢ and
8% of WT mice (P=0.02). L26 mice did not exhibit
ventricular pre-excitation or spontaneous arrhythmias
but pacing induced ventricular arrhythmias in 75% of
L2% mice (but in (<10% WT mice; P=0.01). We then
assessed whether fibrosis contributed to electrophys-
iological abnormalities by examining the histopathol-
ogy of compound L2%¢/ MinK-LacZ mice that selective
express [3-galactosidase in their cardiac conduction
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Figure 2. In-frame LAMP2 gene exon 6 deletion (L2°%) decreases LAMP2 levels and causes

cardiomyopathy.

A, Western blots revealed reduced LAMP2 but normal LAMP1 levels in lysosomal extracts from L2426
hearts compared with wild-type (WT) hearts (n=4 per genotype). The smaller L2°¢ protein reflected
deletion of 41 amino acids encoded by exon 6. B, Echocardiograms show prominent hypertrophy of
the intra-ventricular septum and posterior wall in 25-week L22¢ mice, see also Table 1. C, Progressive
fibrosis in L22¢ heart. At 20-weeks, fibrosis (stained blue) is interstitial, but by 40weeks hearts show both
interstitial and areas of scarring. Focal fibrosis surrounds residual L226 myocytes with vacuoles. Upper
panels, scale=500 mm lower panels, scale=50 mm. D, Heart section from a 14-year-old human patient
with LAMP2 cardiomyopathy (Y109Ter mutation) who died suddenly (Maron et al 2009% demonstrating
marked interstitial and replacement fibrosis (Masson trichrome). E, Electron microscopy (EM) of heart
from 25-week-old L2°¢ mice show large autophagic vacuoles that are interspersed among sarcomeres,
containing partially degraded particles. Upper panels, scale=1 mm, lower panels, scale=500 nm.
Autophagic vacuoles typically have double membrane (marked with black arrows) as shown more in
details in the inset of the left lower panel. AV indicates autophagic vacuoles; IVS, intraventricular septum;
L2%6, in-frame LAMP2 gene exon 6 deletion; PW, posterior wall; RBC, red blood cells; and WT, wild-type.

system myocytes.'® Compound mutant mice showed
marked fibrotic encasement and vacuolation of the
atrio-ventricular node, less conduction system myo-
cytes and disorganization of the proximal bundle of His
(Figure 3C and 3D).

Functional Assessment of Autophagy in
L2%6 Myocytes

We used western blot analysis to assess the lev-
els of microtubule-associated protein light chain 3
(LC3-ll), which demarcates autophagosome,?® the pre-
lysosomal fusion step of autophagy. Mice were stud-
ied in a fed state to assess basal levels of autophagy
and after food deprivation to stimulate autophagy.
Compared with WT, LC3-Il levels were substantially
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greater in hearts from fed L2¢ mice and comparable
to levels found after 24 hours of food-deprived WT
mice (Figure 4A and 4B). Food deprivation farther in-
creased LC3-Il levels in L2%6 mice, implying that 226
mice retained a capacity for further increases in the
basal stages of the autophagic pathway.

To assess lysosome function in L226 mice, we
capitalized on transcription data that indicated in-
creased expression of 6 cathepsins (A-D, L and 2).
Using Western blot analyses of LV extracts we exam-
ined protein levels of cathepsins B and D. Both were
increased in cytoplasmic fractions and diminished in
lysosomal fractions of LV extracts from L2%6 hearts
while the reverse was found in LV extracts from WT
hearts (Figure 4C). Immunofluorescent labeling of
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Table 1. Cardiac Size and Function of L22¢ Mice
ANOVA

L2h6 WT Mutant ‘ Age Interaction
Age (w) Adult Aged Adult Aged

251+2.3 39.7+6.5 28.5+1.7 37.5+6.5
n 6 6 5 8
IVSd (mm) 0.79+0.09 0.92+0.10 0.60+0.05 0.71+0.06 0.03 017 0.92
LVPWd (mm) 0.97+0.05 0.99+0.10 0.70+0.05 0.82+0.05 0.006 0.35 0.5
LVEDd (mm) 3.93+0.18 4.37+0.60 3.70+0.28 3.85+0.22 0.3 0.46 0.72
FS (%) 39.3+4.9" 26.7+6.1* 31.2+3.7 32.5+4.5 0.8 0.31 0.2

Mice were studied at 2 age categories. All measurements were performed at heart rate of 500 to 550 bpm. L226 mice tended to have slower heart rate, but
that was not statistically significant. There was no apparent difference in the negative chronotropic effect of the anesthesia between mutant and wild-type mice.

Data are expressed as mean+SEM. FS indicates fractional shortening; IVSd, interventricular septum diameter; L22°, in-frame LAMP2 gene exon 6 deletion;
LVEDd, left ventricular end-diastolic diameter; LVPWd, left ventricular posterior wall diameter; and WT, wild-type.

ANOVA indicates a significant increase in the wall thickness in mutant mice without effect on left ventricular dimension or shortening fraction. There was no

significant effect of age or interaction of age with L2%6 mutation.

*In a post-hoc analysis, aging was associated with a decrease in the shortening fraction of L2%6 mice (*P<0.01 comparing aged to young L226 mice) but no

such change was seen in wild-type mice.

cathepsin B and cathepsin D identified a perinuclear
location in 83% of WT myocytes (18 myocytes from
3 mice) but in only 25% of L2%¢ myocytes (16 myo-
cytes from 3 mice, P<0.01). Cathepsin immunofluo-
rescence in L2% myocytes was more diffuse within
the cytosol (Figure 4D), suggesting mis-localization of
lysosomal enzymes.

In summary, transcriptional and functional analyses
indicated significantly activated molecular signals that
promote autophagosome and lysosome production
and autophagy in L2% hearts. Despite these signals,
there was an accumulation of autophagasome and
mislocalization of lysosome enzymes in L226 hearts, de-
fining a block in autophagy at the step of formation of
autolysosomes.

Transcriptional Analysis in L22° Hearts

We then performed RNAseg?” of LV tissues from 26-
to 30-week-old L2 and WT mice, to identify tran-
scriptional responses to the L2%6 mutation (illustrated
for LAMP2 expression in Figure S3). The full results
of the transcriptome analysis are provided at. https:/
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16
6731 (GEO accession number GSE166731 ). Among
the LV transcripts that were significantly altered in L2246
mice (4.0%, increased; 2.2% decreased), there was
a significant upregulation of transcripts annotated in
autophagy and apoptotic pathways (Table S1). Thus,
among 793 mouse homologues of yeast autophagy
genes that are expressed in the LV, 62 were increased
(7.8%, P<0.001) in L2%6 compared with WT mice and
among 1252 apoptotic markers, 85(6.8%) were in-
creased (P<0.001). Similarly, among 399 human au-
tophagy network proteins®® that are expressed in the
LV, 86 were significantly increased in L2%6 in compari-
son with WT hearts (P<0.0001).
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The main genes in the autophagy and apoptotic
pathways altered in L2%¢ mice compared with WT are
shown in Table S2.

Abnormal Relaxation and Altered Calcium
Homeostasis in L22¢ Myocytes

To assess whether impaired autophagy altered an in-
trinsic contractile function and calcium homeostasis,
we studied isolated myocytes from 20-week-old L2246
and WT mice (Figure 5 and Table 2). Despite accu-
mulations of autophagosomes among sarcomeres
in mutant cardiomyocytes (Figure 2A), the extent of
shortening or relaxation was not different compared
with WT (Figure 5A). However, the durations of con-
traction and relaxation were markedly prolonged in
L2%6 myocytes (Table 2).

Ca?* transient studies revealed prominent abnor-
malities in L2%¢ myocytes. The mean amplitude of Ca®*
transients was strikingly higher in L226 (0.71+0.24) than
in WT (0.45+0.15) myocytes (Table 2 and Figure 5A).
Catecholamines further increased mean Ca?* transient
amplitudes to levels that were significantly higher than
those found in catecholamine-stimulated WT myocytes
(Figure 5B). Catecholamines also produced sponta-
neous and frequent sarcoplasmic reticulum Ca®* re-
lease events in =75% of 26 myocytes (Figure 5C);
these events were triggered in only 8% of WT myo-
cytes (P=0.009).

Ca?* decay in L2%6 myocytes was slower than in WT
myocytes (Table 2). However, because catecholamines
did normalize Ca®* decay times in mutant myocytes
(Table 2), we deduced that the sarcoplasmic reticular
pump, Ca®*ATPase (Serca?a), remained functional in
L2%6 myocytes.

We also tested if abnormal Ca®* homeostasis is
associated with altered expression of Ca?*-handling
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Figure 3. Conduction system physiology and histology of in-frame LAMP2 gene exon 6 deletion (L2°%) hearts.

A, Representative traces recorded by telemetry in 15-week-old L2%¢ mice: upper panel showed transient sinus node arrest and middle
panel shoes transient atrioventricular block, Scale bars represent 50mSec. B, Average PR intervals (the time from the onset of the
P wave to the start of the QRS complex on the electrocardiogram) of 15 weeks old WT (white bar) and L22¢ (black bar) mice, n=10/
genotype, mean+SEM. C, Histology of the atrioventricular node and surrounding tissues in 15-week-old MnK/WT mouse (upper
panels) and MnK/L2% mouse (lower panels). The hearts were stained with X-Gal to identify 3-galactosidase activity in the conduction
system cells (Blue dots in left panels), and then counterstained with hematoxylin—eosin (middle panels) and with Masson Trichrome
(right panels). The atrioventricular node (arrow) in the MnK/ L2%6 hearts was more disorganized than MnK/WT hearts. Fibrosis and
large vacuoles were detected in the atrioventricular region of MnK/L26 but not in the MnK/WT hearts. Scale bars represent 200uM.
D, Quantitation of positive X-Gal staining which represents conduction system cells. MnK/L2¢ hearts had less conduction cells (black
bar) compared with MnK/WT (white bar). Analysis was done in consecutive section containing the atrioventricular node from 4 mice
aged 15 to 20 weeks of each genotype, 3 sections per heart. Generalized Estimating Equation was used for statistical comparison.
L2%% indicates in-frame LAMP2 gene exon 6 deletion; and WT, wild-type.

proteins. Transcripts encoding the cardiac ryano-
dine receptor (RyR2) and the RyR2-stabilizing protein
FKBP12.6 showed coordinate increase above their lev-
els in WT mice (both with P<0.0001). In contrast, tran-
script levels of SERCA2 and PLN (phospholamban)
were unchanged while the expression of the sarco-
plasmic reticulum calcium binding proteins CASQ1/2
(calsequestrin), were decreased. As predicted from
RNA data, protein levels of the cardiac ryanodine re-
ceptor were increased in L2 hearts as were the levels
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of phosphorylated cardiac ryanodine receptor (oRyR2,
Figure 5D). On the other hand, the levels of SERCAZ2a,
total PLN, phosphorylated PLN, and CASQ2 were
comparable between 26 and WT hearts (Figure
S4A), similar to LAMP2-null hearts.'”> Collectively, a
marked increase in ryanodine receptor phosphoryla-
tion (pRyR2) in L226 hearts, unopposed by FKBP12.6
(Figure 5D and Figure S4B), would promote increased
Ca? leak from the RyR2 and might account for de-
layed after-depolarizations and arrhythmias.
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Figure 4. Disrupted autophagy in in-frame LAMP2 gene exon 6 deletion (L2°¢) hearts.

A, Western blot analysis of the microtubule-associated protein light chain 3 (LC3) extracted from 20-weeks old wild-type (WT) and
L2%¢ mice hearts. Upper band represent the LC3-I, which is cytosolic, and the lower LC3-Il is present on isolation membranes and
autophagosomes. B, Densitometry (3 mice of each genotype) shows that L2 hearts (black bars) express higher levels of LC3-II
compared with WT (white bars). Markedly increased LC3-Il levels after starvation indicate farther accumulation of autophagosomes.
C, Western blot of lysosomal enzymes cathepsin B and D in fractionated subcellular extracts. Densitometry (3 mice of each genotype)
shows increased levels of cathepsin B and D in the cytosolic fraction of L226 hearts (black bars) compared with WT (white bars)
and reciprocally decreased levels in the lysosomal fractions. D, Representative confocal micrographs of WT and L2%¢ myocytes
stained with immunofluorescent anti-Cathepsin B antibody (red), DAPI (blue) and Phalloidin (green). Note a peri-nuclear localization
of lysosomes detected by the anti-cathepsin antibody in WT myocytes. Cathepsin immunofluorescence is dispersed throughout the
cytoplasm in L2%¢ myocytes. Numerical data are expressed as mean+SEM. L2%6 indicates in-frame LAMP2 gene exon 6 deletion; LC3,
microtubule-associated protein light chain 3; and WT, wild-type.

Hypertrophic Signaling

hypothesized that calcineurin® might have an effect

Cardiac hypertrophy in L226 mice was associated with
alteration in gene expression related to myocardial
stretch and various forms of hypertrophic remodeling.
Genes such as nppb (x4.2), nppa (x3.8) and actal (x2.5),
markedly and significantly increased (all at P<0.0001).
Because increased frequency of spontaneous Ca?*
transients could also affect molecular signaling through
either the calcineurin/NFAT (Nuclear factor of activated
T-cells) pathway®' or by mitochondrial autophagy we

J Am Heart Assoc. 2021;10:e018829. DOI: 10.1161/JAHA.120.018829

on L2%¢ cardiomyopathy. Indeed, calcineurin RNA
(ppp3ca) is increased 1.4-fold (P=0.0008) in L2%6 |eft
ventricles. We therefore treated adult L226 mice with
CsA that blocks mitochondrial autophagy and modu-
lates cardiac hypertrophy. After 2 weeks of CsA treat-
ment, there was a reduction in LV wall thickness in
226 hearts compared with untreated mice (Figure S5).
However, neither the fractional shortening, nor the fi-
brosis burden, were affected by CsA treatment.
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Figure 5. Ca?* abnormalities in in-frame LAMP2 gene exon 6 deletion cardiomyocytes.

A, B, Representative calcium (Ca?) transients (left panels) and sarcomere length (right panels) of wild-type and in-frame Lysosome-
associated membrane protein-2 gene (LAMP2) gene exon 6 deletion myocytes in Ca® Tyrode solution without (a) or with (b) 5.5 mmol/L
epinephrine. Traces represent the average of 15 contraction-relaxation cycles at 1 Hz from 1 representative cell of each genotype.
C, Epinephrine infusion produced spontaneous Ca?* oscillations in-frame LAMP2 gene exon 6 deletion myocytes (sarcomere length,
upper trace; Ca?* transient, lower trace). Scale=0.2 sec. D, Quantitative Western blot estimate of phosphorylated ryanodine receptor 2
(pRyR2) in SR extracts from in-frame LAMP2 gene exon 6 deletion (black bar) and wild-type (white bar) hearts. The relative amounts
of pRyR2, de-phosphorylated ryanodine receptor 2 (dRyR2), and FK506 binding protein 12.6 (FKBP12.6, calstabin-2) were determined
by densitometry of antibody signals (n=3 mice/group, mean+SEM). See Table 2 for comparisons. L2% indicates in-frame LAMP2 gene

exon 6 deletion; SR, sarcoplasmic reticulum, and WT, wild-type.

DISCUSSION

L2268 mice expressing a defective LAMP2 allele missing
the 41 amino acids of exon 6, constitute a useful model
recapitulating the human cardiomyopathy associated
with Danon disease. L2%6 hearts contain considerably
less LAMP2 protein than WT hearts in the presence of
normal mRNA levels (Figure 1C), suggesting that the
mutant LAMP226 protein is unstable (Figure 2). Whether
cardiomyopathy results from reduced amounts of pro-
tein or altered activity of the mutant protein remains un-
certain. Nevertheless, the fact that in the presence of
certain amounts of protein, L26 mice appear to have
a better survival compared with the null-allele LAMP2
mice,'® suggests that the expressed mutant protein
retains some of its function. Further, deficiency in mu-
tant protein, rather than its toxic effect, is responsible
for the phenotype. As opposed to a complete LAMP2
gene deficiency,”® the hypomorphic LAMP2 allele in
26 mutant mice allow the animals to survive to adult-
hood and develop significant cardiomyopathy.
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Characterization of the cardiac phenotype of L2246
mice provides further insights into the mechanisms of
LAMP2-mediated cardiomyopathy. L22¢ mice demon-
strate that lysosomal dysfunction appears to be a
powerful stimulus for hypertrophic remodeling, heart
failure, and cardiac arrhythmias. Of the multiple ensu-
ing consequences, failed autophagy appears to be a
fundamental cause of progressive cardiomyopathy.
Studies demonstrating that activation of autophagy can
ameliorate load-induced hypertrophy®' support our
conclusion. This pathway differs from "hypertrophic"
sarcomere protein mutations that enhance contractile
parameters,3 structural protein mutations (eg, desmin,
alphaB-crystallin, ZASP) that accumulate abnormal
protein aggregates,®® or defects in metabolic genes
accrue glycogen, glycolipids, or their degradation
products (eg, PRKAG2,34 GAA3® GLA).*® Importantly,
there is a growing appreciation of the role of a sec-
ondary dysfunction of autophagy in pathophysiology
of lysosomal storage diseases.®” Unlike in the original
description of Danon disease defining it as “Pompe”
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Table 2. Cardiomyocytes Properties in L2"¢ Mice

WT L2re P Value
Isolated myocytes*®
Resting myocyte length 1.75+0.06 1.76+0.05 NS
(Hm)
% Sarcomere 6.6+2.1 7.4+2.8 NS
shortening
Time to 50% 25+7 65+15 <0.001
contraction (mSec)
Time to 50% relaxation 148+40 310+80 <0.001
(mSec)
Ca?* transient 0.45+0.15 0.71+0.24 <0.001
amplitude (Fura?2 ratio)
Time to 50% transient 118+13 201+69 <0.001
decay (mSec)
Ca* transient decay— 12422 178+52 <0.001
Tau (mSec)
Catecholamine stimulated myocytes!
Resting myocyte length 1.72+0.06 1.73+£0.06 NS
(um)
% Sarcomere 12.9+3.3 13.56+£3.7 NS
shortening
Time to 50% 204 32+13 <0.05
contraction (mSec)
Time to 50% relaxation 10718 150+£50 <0.05
(mSec)
Ca?* transient 0.56+0.17 0.92+0.3 <0.01
amplitude (Fura?2 ratio)
Time to 50% transient 92+16 105+25 NS
decay (mSec)
Ca?* transient decay— 68+9 69417 NS
Tau (mSec)

Data are expressed as mean+SEM. .26 indicates in-frame LAMP2 gene
exon 6 deletion; LAMP2, lysosome-associated membrane protein-2; NS,
non-significant; and WT, wild-type.

*Sarcomere lengths and shortening of myocytes (n=21 and n=29 cells
from 4 wild-type (WT) and 5 in-frame LAMP2 exon 6 deletion (L2%®)mice,
respectively). Ca?* transients were measured in myocytes (n=30 cells and
n=18) from 5 WT and 3 L2%6 mice, respectively.

fCatecholamine-stimulated sarcomere lengths and shortening were
measured in myocytes (n=11 and n=10) from 4 WT and 3 L2%6 mice,
respectively. Catecholamine-stimulated Ca?* transients were measured in
myocytes (n=12 and n=12 cells from 4 WT and 3 L2 mice, respectively).

with normal acid maltase or GSD llb, we did not find
evidence of significant glycogen storage. That could
result from differences in glycogen metabolism and
lower levels of glycogen in murine heart compared with
humans.?® Differences in glycogen accumulation could
explain why humans but not mice with Danon disease
often develop massive left ventricular hypertrophy.
The L2%6 mutation causes incomplete lysosome
biogenesis. Lysosomes in L2%¢ myocytes had mistar-
geting of cathepsins B and D and glycolytic enzymes.
Consistent with these markers of incomplete matura-
tion, L2%6 lysosomes were dispersed throughout the
cytosol (Figure 4), whereas normal lysosomes clustered
in perinuclear regions. Autophagosomes containing
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aggregated proteins and membrane components ac-
cumulated in L2% myocytes. The expression of 62
RNAs encoding autophagy-associated proteins was
increased. More importantly LC3-Il, a marker of auto-
phagosomes, was significantly overexpressed in L226
hearts compared with WT (Figure 4). Processing of
autophagosome requires docking and fusion with ma-
ture lysosomes, to yield phagolysosomes that move
via microtubules to perinuclear regions.®® Collectively,
autophagy appears to be stimulated in L2%¢ myo-
cytes, but the later stages in the process are blocked,
resulting in accumulated autophagosomes, absent
phagolysosomes, and myocytes unable to clear cellu-
lar debris or effectively recycle proteins and organelles.
Myocytes from fasted L2%6 mice expressed signifi-
cantly more LC3-ll than myocytes from non-fasted
226 mice. These results indicate that food deprivation,
an autophagy-stimulating stress, causes additional au-
tophagosome accumulation and may be expected to
aggravate cardiac disease in L2 animals. To summa-
rize, tissue injury and hypertrophy in L2 mice proba-
bly triggered by accumulation of autophagosomes and
multiple partially degraded cytosolic organelles. Failed
autophagy apparently promotes myocyte apoptosis®®
(Table S1) or necrosis, which are followed by fibrosis
and arrhythmogenicity.

Additional mechanisms likely contribute to de-
velopment of LAMP2 cardiomyopathy. Activation of
hypertrophy associated genes indicate myocardial
stretch in hypertrophic signaling. Recent studies con-
firm the critical role of defective mitophagy, oxidative
stress, and energetic deficiency in the pathogenesis
of LAMP2 cardiomyopathy.*°-42 CsA attenuates car-
diac hypertrophy caused by pressure overload but ag-
gravates it when caused by sarcomere protein gene
mutations.®?>43 Carreira et al reported that changes in
mitochondrial membrane permeability under stress
conditions can trigger autophagy, a process called mi-
tochondrial permeability transition.** Because CsA is
a potent inhibitor of the Ca?*-dependent pore in heart
mitochondria,*® it could block mitochondrial perme-
ability transition and autophagy in cardiomyocytes.
Treatment of adult L2 mice with CsA, a calcineurin
inhibitor, results in attenuation of cardiac hypertrophy
without affecting systolic function or decreasing fibro-
sis (Figure S5). These data do support the involvement
of calcineurin/NFAT (Nuclear factor of activated T-cells)
pathway*® in cardiac remodeling in Danon disease. It
is possible that the effect of CsA could be more pro-
nounced if given in younger mice before development
of cardiomyopathy and fibrosis.

Another prominent feature of LAMP2 cardiomy-
opathy is conduction block, which was associated in
our model with infiltration and pathological alterations
in the conduction system (Figure 3). The death of
226 myocytes could arise from toxic accumulations
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autophagosomes and/or energy deficits. Additionally,
the absence of recycling of subcellular components
would necessitate that L2%6 myocytes to expend more
energy on de novo protein synthesis. While the long-
term survival of most L2 mice indicated that cardio-
myocyte death and energy deficits were tolerable to a
certain extent, these parameters likely contribute to the
uniform progression of human LAMP2 cardiomyopa-
thy to heart failure.

Both humans with LAMP2 cardiomyopathy and
L2286 mice exhibit ventricular arrhythmias. Although
fibrosis is thought to be one cause of such arrhyth-
mias, L2%6 mice exhibit ventricular arrhythmias early
in life even before developing fibrosis (Figure 2), sug-
gesting that other mechanisms are likely involved
in arrhythmia induction. An unexpected property of
L2286 myocytes helps to explain this conundrum: L2426
myocytes had markedly increased Ca?* transient
amplitudes, prolonged contraction and relaxation
times, despite having normal sarcomere shortening
(Table 2, Figure 5). Augmented Ca?* transients me-
diated by the RyR2 channel activation may evolve
in L2% myocytes to allow these cells to maintain
their contractility despite ultrastructural damage.
Unfortunately, these compensatory changes in Ca?*
management cause the myocytes to become electri-
cally unstable. Ca®* signals are likely to account for
increased ventricular arrhythmogenicity in L226 mice.
Because mutant mice developed arrhythmias before
histopathologic abnormalities and isolated L2%6 myo-
cytes had spontaneous Ca?* oscillations upon cate-
cholamine stimulation (Figure 5C), arrhythmogenicity
appears to be a fundamental property of L2268 myo-
cytes, and not a secondary response to hypertrophy
and fibrosis.

Notably, Ca?®* transients in L2%¢ myocytes were
substantially bigger than those triggered by sarco-
mere gene mutations*® possibly explaining the more
severe arrhythmic phenotypes seen in patients with
LAMP2 mutations compared with arrhythmias ob-
served in patients with hypertrophic cardiomyopathy.
Hyperphosphorylation of RyR2 channels, observed in
226 mice, is a key feature, implicating Ca?* leak from
the sarcoplasmic reticulum, spontaneous calcium re-
lease, and delayed after-depolarizations to explain ar-
rhythmia in this model.2347:48

In Summary

Autophagy, a lysosomal-associated degradation of
the cells’ own constituents, plays an important role
in the renewal and survival of cardiomyocytes. 226
hearts develop progressive cardiomyopathy because
of abnormal lysosomal biogenesis, inability of mutant
lysosomes to dock with autophagosomes, and failed
autophagy. Accumulation of autophagy intermediates
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and of undigested contents, causes myocyte injury,
triggers hypertrophy, followed by cell death, myocar-
dial fibrosis, and decreasing systolic function. Calcium
dysregulation, abnormal calcium release, and in-
creased sensitivity to catecholamine stimulation con-
tribute to lethal arrhythmia in LAMP2 cardiomyopathy.

Limitations and Perspectives

By precisely introducing a “human” mutation into
mouse genome, we generated a model of cardio-
myopathy in Danon disease. These mice recapitulate
the course of cardiomyopathy in human patients, as
well as many of the histological and arrhythmic fea-
tures. Important issues to be resolved are the func-
tion of the mutant protein LAMP2b, of the isoform
LAMP2a involved in chaperon-mediated autophagy,
as well as LAMP1 which apparently fails to com-
pensate for LAMP2 deficiency. Studying the effect
of pharmacological agents on autophagic flux, lyso-
somal function and calcium handling may clarify the
link between LAMP2 defect and disease evolvement.
Most importantly, this model should be used to study
potential therapies to modify the course of this lethal
condition.
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Table S1. RNA expression in wild-type and L2246 hearts.

Gene category All genes L246 > WT P 1226 < WT )
All RNAs 31920 1278 (4%) 707 (2.2%)

Autophagy markers 793 62 (7.8%) <0.001 15 (1.9%) 0.54
Apoptotic markers 1252 85(6.8%) <0.001 21(1.7%) 0.2

Percentages represent gene counts in each category out of the total gene counts. A
change in gene expression was defined by at least > 1.5 or < 0.67 ratio in the read count
(for increase or decrease respectively).

L2486 > WT, number of genes expressed in L22 tissue at a higher level than in wildtype
(WT) tissue. L22¢ < WT, number of genes expressed in L22° tissue at a lower level than
in wild type (WT) tissue. P values - comparison of the percent change between all RNAs
and markers of either Autophagy or Apoptosis.

All RNAs, reflects RNAs identified as expressed by RNAseq as described by
Christodoulou et al?’.

Autophagy markers is a set of autophagy-associated proteins collected from
http://www.tanpaku.org/autophagy/list/GeneL.ist.html. Apoptotic signaling pathway
genes collected from http://www.informatics.jax.org/go/term/G0:0097190.

Specific details of the genes and the fold changes in expression are available upon
request.

The full results of the transcriptome analysis are provided at
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166731 (GEO accession humber
GSE166731).


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166731

Table S2. Autophagy and apoptosis related genes showing the greatest change in
expression in hearts of L24¢ mice.

Gene Gene description Fold WT Regulation | P-value
ID change | normalized
(L2%6/WT) reads
Autophagy | Tlr13 toll-like receptor 13 16.30 0.12 up <0.0001

Crocc | ciliary rootlet coiled- 3.97 0.83 up 0.0003
coil

Bcl2l1 | BCL2-like 1 3.75 157.54 up <0.0001

Sgkl serum/glucocorticoid 3.41 31.15 up <0.0001
regulated kinase 1

Ddit4 DNA-damage-inducible 3.40 81.68 up <0.0001
transcript 4

Rcanl | regulator of calcineurin 3.26 103.20 up <0.0001
1

Tecprl | tectonin beta-propeller 3.12 25.56 up <0.0001
repeat containing 1

1118r1 | interleukin 18 receptor 1 0.12 16.00 down 0.0005

Phkgl | phosphorylase kinase 0.29 267.00 down <0.0001
gamma 1

Alpl alkaline phosphatase 0.31 146.00 down <0.0001

Apoptosis | Bid BH3 interacting domain 49.00 0.00 up <0.0001

death agonist

Lcn2 lipocalin 2 26.66 6.90 up 0.0005

S100a9 | S100 calcium binding 16.87 0.59 up 0.0003
protein A9

Bdkrb2 | bradykinin receptor, 10.22 0.36 up <0.0001
beta 2

Ankrd2 | ankyrin repeat domain 2 9.27 0.36 up <0.0001

Plaur | plasminogen activator 5.43 0.71 up <0.0001

Cdknla | cyclin-dependent kinase 4.92 85.01 up <0.0001
inhibitor 1A

Pawr PRKC, apoptosis 4.03 1.19 up <0.0001

Trp63 | transformation related 0.08 4.52 down <0.0001
protein 63

Cx3crl | chemokine (C-X3-C 0.20 3.45 down <0.0001

motif) receptor 1

Ten genes which changed most (in either direction) are shown in each category. RNAseq

libraries were constructed from hearts of adult L24¢ and WT mice and data were analyzed
as described”’.




Figure S1. Averaae weight of 10 WT and 10 L246 mice at 4, 8, and 12 weeks.
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The L2%% had a lower body weight at 4 weeks but the differences were not anymore

apparent at 12 weeks age.



Figure S2. Cell death in L2 46 hearts.

(a) Von Kossa stains of 40-week old L2 “¢ hearts show dystrophic calcification (arrows)
consistent with necrosis (scale bar = 50 um). (b) Oil-red-O staining of frozen section of
40 week old L22% heart showing fat depositions (in red) within the myocardium. Scale

bar = 50pm.



Figure S3. RNAseq analysis.
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RNAseq analysis is demonstrated by the assessment of Lamp2 RNA expression in WT
and L2 hearts.

A) Screen shot of UCSC Genome Browser custom tracks

(WIG files;http://genome.ucsc.edu/cgi-

bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=JonSeidman&hgS_other



UserSessionName=Lamp2_mm?9), displaying the LAMP2 gene and normalized number
of DNA sequence reads per million in L22¢and wildtype LV RNAseq libraries (see
Methods). RNAseq libraries were constructed from 2 micrograms of total left ventricular
RNA pooled from two mice of each genotype (see Methods). Four different LAMP2
isoforms are presented in the UCSC gene list. LAMP2 extends from exon 1 (right) to
exon 10 (left). Note that 5° exons are more highly represented in this RNAseq data than
3’ exons because of the method used for RNAseq library construction (our unpublished
results).

B) Screen shot from custom tracks (BAM files) of UCSC Genome Browser displaying
DNA sequence reads obtained from L22%and WT LV RNAseq libraries between exon 5

and 7. Exon 6 is skipped in L2° RNA as predicted by PCR analysis (black arrow).



Figure S4. Expression of key calcium handling proteins in L246 hearts.
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a) Western blot analysis of Calsequestrin2, Phospholamban (both total and the
phosphorylated forms) and the cardiac sarcoplasmic reticulum Ca?*-ATPase
(SERCAZ2) revealed no differences in the expression between wild type and L24°.
b) Increased expression of phosphorylated RyR2 and decreased expression of
FKBP12.6 (calstabin) in L2%¢ hearts. See also figure 5.

All analyses were done on sarcoplasmic reticulum fraction of ventricular muscle

extracts.



Figure S5. Cyclosporin A inhibits hypertrophy in 124 hearts.
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a) Left ventricular posterior wall thickness (left panel) and left ventricular fractional
shortening (right panel) before (white bars) and after (black bars) 2 weeks of treatment
with Cyclosporin A (CsA) in L22¢ and wild type (WT) mice (two subcutaneous injections
of

15 mg/kg in PBS daily). The gray bars represent control age-matched L2 mice that
were followed for 2 weeks without treatment (mean = SEM , n=3/group, age at
examination 32 weeks). Left ventricular posterior wall thickness was significantly
reduced in treated L2 hearts compared to untreated (p<0.01). No significant
differences were found in the interventricular septum thickness, left ventricular
dimension or fractional shortening b) Histology section stained with Masson's
trichrome for fibrosis (in blue) of L24% and wild type hearts assessed two weeks after
treatment with CsA. The amount of fibrosis in L2 hearts was comparable to
untreated hearts (see Figure 1 for reference). There was no significant fibrosis in

age-matched wild type hearts before or after treatment (data not shown).



