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Abstract

Danon disease is a familial cardiomyopathy associated with impaired autophagy due to mutations
in the gene encoding lysosomal-associated membrane protein type 2 (LAMP-2). Emerging
evidence has highlighted the importance of autophagy in regulating cardiomyocyte bioenergetics,
function, and survival. However, the mechanisms responsible for cellular dysfunction and death in
cardiomyocytes with impaired autophagic flux remain unclear. To investigate the molecular
mechanisms responsible for Danon disease, we created induced pluripotent stem cells (iPSCs)
from two patients with different LAMP-2 mutations. Danon iPSC-derived cardiomyocytes (iPSC-
CMs) exhibited impaired autophagic flux and key features of heart failure such as increased cell
size, increased expression of natriuretic peptides, and abnormal calcium handling compared to
control iPSC-CMs. Additionally, Danon iPSC-CMs demonstrated excessive amounts of
mitochondrial oxidative stress and apoptosis. Using the sulfhydryl antioxidant N-acetylcysteine to
scavenge free radicals resulted in a significant reduction in apoptotic cell death in Danon iPSC-
CMs. In summary, we have modeled Danon disease using human iPSC-CMs from patients with
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mutations in LAMP-2, allowing us to gain mechanistic insight into the pathogenesis of this
disease. We demonstrate that LAMP-2 deficiency leads to an impairment in autophagic flux,
which results in excessive oxidative stress, and subsequent cardiomyocyte apoptosis. Scavenging
excessive free radicals with antioxidants may be beneficial for patients with Danon disease. In
vivo studies will be necessary to validate this new treatment strategy.
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Introduction

Macroautophagy (abbreviated here as autophagy) is a highly conserved proteolytic process
that begins with the sequestration of proteins and organelles by autophagosomes.
Subsequently, the autophagosomes fuse with lysosomes, allowing the breakdown of the
contents for cellular recycling [1, 2]. Impaired autophagy is implicated in a variety of human
diseases, including heart failure, which is a leading cause of cardiovascular death [3-6].

Lysosomal-associated membrane protein type 2 (LAMP-2) is a lysosomal membrane
glycoprotein that is critical for lysosome—autophagosome fusion [7]. Mutations in LAMP-2
are associated with the X-linked disorder Danon disease [8, 9]. Danon disease patients have
severe cardiac and skeletal muscle abnormalities and frequently die from heart failure in the
second or third decade of life; however, the mechanisms by which loss of LAMP-2 leads to
cardiac myocyte dysfunction remain unresolved. To date, no specific therapies have been
identified for this deadly disease.

To gain further insight into the molecular mechanisms responsible for Danon disease, we
created induced pluripotent stem cells (iPSCs) from the dermal fibroblasts of two Danon
disease patients with different mutations in LAMP-2. We used these cells to generate Danon
iPSC-derived cardiomyocytes (iPSC-CMs) to study the consequences of LAMP-2
deficiency in a human disease model.

Materials and Methods

Provided as Supporting Information.

Results and Discussion

Identification and Characterization of Two Danon Disease Patients with Distinct Mutations

of LAMP-2

We recruited two Danon disease patients with heart failure for this study. Echocardiographic
examination of the Danon patients revealed cardiac hypertrophy and reduced ejection
fraction (Supporting Information Fig. 1A, B). Skeletal muscle biopsy in the first patient,
Danon A, revealed large vacuoles and lysosomal accumulation within the myofibrils, which
were visible by both light and electron microscopy (EM) (Supporting Information Fig. 1C-
E). Genomic sequencing of the Danon A patient identified a previously undescribed 2-bp
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insertion in exon 2 of the LAMP-2 gene (129-130 insAT), which resulted in a premature
termination codon 16-bp downstream (Supporting Information Fig. 2A). The second patient,
Danon B, harbored a previously described single point mutation in intron 1 of the LAMP-2
gene (IVS-1 c.64+1 G>A) [10], which lead to the retention of the first intron and subsequent
alteration of splicing (Supporting Information Fig. 2B).

Next, we expanded skin fibroblasts collected from skin biopsies performed on each patient
(herein called Danon skin fibroblasts). Quantitative reverse transcription polymerase chain
reaction (RT-PCR) analysis performed on the Danon skin fibroblasts from both patients
showed nearly complete absence of LAMP-2 mRNA. When Danon skin fibroblasts from
these patients were treated with cycloheximide, a known inhibitor of nonsense-mediated
decay (NMD), LAMP-2 mRNA expression levels increased suggesting that the mutant
mMRNA is targeted by NMD (Supporting Information Fig. 2C). Consistent with these
findings, LAMP-2 protein was absent in the Danon skin fibroblasts from both patients
(Supporting Information Fig. 2D-F, J).

Given the role of LAMP-2 in lysosome-autophagosome fusion [7], we performed EM on the
Danon skin fibroblasts to determine if the absence of LAMP-2 would lead to the
accumulation of intracytoplasmic vacuoles. Danon skin fibroblasts had significantly more
autophagic vacuoles (AVs) and lysosomes than wild-type (WT) fibroblasts (Supporting
Information Fig. 2G-I, K) (p<0.001 vs. WT), suggesting a defect in the final steps of
autophagic flux. To further validate this conclusion, we used a previously described tandem
fluorescent mRFP-GFP-LC3B fusion BacMam reporter to transduce Danon and WT skin
fibroblasts [11, 12]. GFP-LC3 loses fluorescence, when exposed to lysosomal acidity,
whereas mMRFP-LC3 does not. Hence, mRFP labels AVs both before (early AVs) and after
(mature AVs) fusion with lysosomes, whereas GFP labels AVs only before fusion with
lysosomes (early AVs) (Supporting Information Fig. 3A). Our data demonstrates that Danon
skin fibroblasts contained significantly more early AVs than WT, and were nearly devoid of
mature AVs (Supporting Information Fig. 3B-E) (p < 0.001). These results indicate that
Danon skin fibroblasts fail to complete autophagosome—lysosome fusion. To determine
whether Danon skin fibroblasts could increase autophagic flux despite the absence of
LAMP-2, we used two different methods to induce autophagy: (a) treating cells with
rapamycin, a known inducer of autophagy, or (b) depriving them of nutrients for 4 hours
[13]. Rapamycin increased the formation of early AVs in both Danon and WT fibroblasts,
but starvation did not (Supporting Information Fig. 3E) suggesting that human dermal
fibroblasts are relatively insensitive to starvation-induced autophagy.

Danon iPSC-CMs Exhibit Impaired Autophagosome Maturation

To investigate the effect of LAMP-2 mutations in cardiomyocytes, a cell type commonly
affected by Danon disease, we created five independent Danon patient-derived iPSC lines
from the two Danon disease patients: three independent clones generated from patient A
(clones A1-3) and two independent clones from patient B (clones B1-2) (Supporting
Information Fig. 4). We compared these five lines with two wild-type (WT1-2) iPSC lines
derived from unrelated individuals without cardiovascular disease and with normal
expression of LAMP-2 (Supporting Information Fig. 5A). We also generated a stable Danon

Sem Cells. Author manuscript; available in PMC 2015 November 18.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hashem et al.

Page 4

A2 iPSC line overexpressing human LAMP-2B (NM_013995.2) under the regulation of
doxycycline (LAMP-2 OE) (Supporting Information Fig. 6). We chose LAMP-2B because
all mutations reported in Danon disease affect the LAMP-2B isoform [14]. Furthermore,
LAMP-2B is the isoform most abundantly expressed in cardiac and skeletal muscle, which
are the tissues primarily affected in Danon disease [15]. The Danon and WT iPSC lines all
generated cardiomyocytes with high cardiac differentiation efficiency and with no
significant difference between the lines (Supporting Information Fig. 4H).

WT and Danon iPSC-CMs from all lines expressed the cardiac-specific contractile protein
a-actinin (Fig. 1E-H, Supporting Information Fig. 5A), but Danon iPSC-CMs contained no
detectable LAMP-2 protein (Fig. 1B, C, F, G; Supporting Information Fig. 5A). Upon
doxycycline treatment, LAMP-2 expression was observed in LAMP-2 OE iPSC-CMs (Fig.
1D, H) and showed an increase in a dose-responsive manner (Supporting Information Fig.
6). EM analysis revealed that Danon iPSC-CMs had significantly more total AVs and
lysosomes than WT iPSC-CMs (Fig. 11-K, M) (p<0.01). Moreover, while WT iPSC-CMs
showed elongated mitochondria that were aligned parallel to assembling myofibrils,
mitochondria in Danon iPSCCMs derived from both Danon patients appeared rounded and
were significantly fragmented (Fig. 11-K, N) (p<0.001). LAMP-2 OE iPSC-CMs exhibited a
decrease in the number of total AVs (Fig. 1L, M) (p<0.01) and a reduction in mitochondrial
fragmentation (Fig. 1L, N) (p<0.01) compared to Danon A2 iPSC-CMs. Next, we evaluated
autophagic flux using the tandem mRFP-GFP-LC3B reporter in the iPSC-CMs lines. Danon
iPSC-CMs had significantly more early AVs and displayed a nearly complete absence of
mature AVs (Fig. 2A-C, E, Supporting Information Fig. 5B). Early AV levels were not
significantly different between the Danon iPSC-CM lines. Furthermore, Danon iPSC-CMs
exhibited significantly higher levels of microtubule-associated protein 1 light chain 3-I1
(LC3-11) compared to WT iPSC-CMs under basal culture conditions (Fig. 2F, G) (p<0.01).
LC3-11 associates with autophagosome membranes and is readily degraded by lysosomal
enzymes upon autophagosome-lysosomes fusion [16]. The increased levels of LC3-I1 in
Danon iPSC-CMs suggest a defect in autophagic flux. Importantly, unlike dermal fibroblasts
(Supporting Information Fig. 3E and 7A, B), both Danon and WT iPSC-CMs showed an
increase in LC3-11 levels as well as an increase in the number of early AVs when starved
(Supporting Information Fig. 7C-E), indicating that iPSC-CMs are sensitive to starvation-
induced autophagy. This may explain why this disease preferentially affects metabolically
active cell types such as cardiac and skeletal myocytes.

LAMP-2 OE iPSC-CMs exhibited an increase in the number of mature AVs (Fig. 2D, E) (p
<0.01) and a reduction in LC3-1I levels (Fig. 2H, I, Supporting Information Fig. 7C, D)
(p<0.01) compared to Danon A2 iPSC-CM s indicating that reintroduction of LAMP-2 could
rescue autophagic maturation. These data confirm that Danon iPSC-CMs exhibit defective
autophagic flux compared to WT iPSC-CMs, and that this defect could be rescued by
restoring LAMP-2 expression.

Danon iPSC-CMs Exhibit Key Features of Heart Failure In Vitro

Next, we examined the size, gene expression, and function of Danon iPSC-CMs to
determine whether they recapitulated the heart failure phenotype observed in Danon
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patients. Cytological analysis revealed that Danon iPSC-CMs from all lines were
significantly larger than WT iPSC-CMs, phenocopying the hypertrophy observed in Danon
patients (Fig. 3A-E) (p <0.05) [17].

Atrial Natriuretic Peptide (ANP) and Brain Natriuretic Peptide (BNP) are two hormones
synthesized by cardiomyocytes in response to stress [18]. Expression of both ANP and BNP
was markedly increased in all Danon iPSC-CMs lines compared to WT cells, akin to the
induction seen in cardiomyopathies such as Danon disease (Fig. 3F) (p<0.05 for ANP;
p<0.01 for BNP). Induction of LAMP-2 in the LAMP-2 OE iPSC-CMs restored cell size and
natriuretic peptide expression to near WT levels (Fig. 3D-F), confirming that LAMP-2 was
responsible for the stress-related phenotype observed in Danon iPSC-CM.

Because many studies have shown altered Ca?* cycling and handling in heart failure [19],
we analyzed Ca%* handling properties in our iPSC-derived CMs at baseline and under
adrenergic receptor stimulation. Calcium kinetics were measured using the Ca2*-sensitive
fluorescent dye Fluo-4-AM. As expected, iPSC-CMs from Danon A2, Danon B2, WT2, and
LAMP-20E lines exhibited shorter calcium decay times (t) when exposed to isoproterenol-
mediated p-adrenergic receptor activation compared to baseline (Fig. 3G, Supporting
Information Fig. 8B). However, Danon A2 and B2 iPSC-CMs consistently exhibited longer
calcium decay times compared to WT2 iPSC-CMs under all conditions examined (Fig. 3G,
Supporting Information Fig. 8A, B), consistent with the decline in systolic and diastolic
function observed in heart failure [20, 21]. This is in concordance with prior investigations
of other iPSC-CMs from patients with cardiomyopathies [22, 23], and with previous reports
of cardiomyocytes isolated from human patients with heart failure [19]. LAMP-2 OE iPSC-
CMs showed calcium decay times near WT levels, indicating a rescue of the
pathophysiologic phenotype (Fig. 3G, Supporting Information Fig. 8B). Taken together,
these pathologic cellular, molecular, and functional changes in Danon iPSC-CMs
recapitulate to some extent the clinical heart failure phenotype seen in patients with Danon
disease [8, 17].

Danon iPSC-CMs Exhibit Abnormal Levels of Oxidative Stress and Apoptosis

Mitochondrial integrity and turnover play a pivotal role in cardiomyocyte bioenergetics and
function [24, 25]. Given the critical role of autophagy in maintaining mitochondrial
homeostasis [25, 26], we further investigated mitochondrial structure and function in the
Danon iPSC-CMs. We transduced iPSC-CMs with BacMam mito-GFP, which readily labels
mitochondria. In WT iPSC-CMs, unfragmented, elongated mitochondrial networks were
observed (Supporting Information Fig. 9A), whereas Danon iPSC-CMs contained short,
fragmented mitochondria with a poor mitochondrial network (Supporting Information Fig.
9B,C). This finding was further validated with EM, which revealed the accumulation of
fragmented mitochondria in the cytoplasm and within autophagosomes in Danon iPSC-CMs
(Fig. 11-K, N, Supporting Information Fig. 9D, E, G) (p<0.001).

Previous studies have indicated that undigested material within the autophagosome,
including dysfunctional mitochondria, may be a source of free radicals that could result in
AV leakage, cellular dysfunction, and apoptosis [26—30]. Given the abnormal mitochondria
observed in the Danon iPSC-CMs, we examined whether there were abnormal levels of
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oxidative stress and apoptosis in these cells. Danon iPSC-CMs from all lines displayed
markedly higher TUNEL staining than WT control lines (Fig. 4A-E, Supporting
Information Fig. 5C) (p<0.05) suggesting increased apoptosis in Danon cells. In addition,
Danon iPSC-CMs had significantly higher levels of total oxidative stress than WT controls,
as measured using 2’-7’-dichlorodihydrofluorescein diacetate (CM-H,DCFDA) (Fig. 4F)
(p<0.05 for Danon A; p<0.01 for Danon B vs. WT baseline) [31]. Induction of LAMP-2
expression in the LAMP-2 OE iPSC-CMs significantly decreased the abnormal level of
reactive oxygen species (ROS) (Fig. 4F) (p <0.01).

Given these findings, we hypothesized that the apoptosis observed in Danon iPSC-CMs was
due to the high levels of oxidative stress detected in these cells. Thus, we treated Danon
iPSC-CMs with the potent antioxidant N-acetylcysteine (NAC). Danon iPSC-CMs treated
with 5 mM NAC demonstrated a significant reduction in total ROS levels compared to
untreated Danon cells (Fig. 4F) (p<0.01 vs. Danon A baseline; p<0.05 vs. Danon B
baseline). Treating the Danon cells with rotenone, a mitochondrial complex I inhibitor,
reduced ROS production indicating that the majority of ROS was generated by mitochondria
[32]. Furthermore, mitochondrial superoxide production (mitochondrial oxidative stress
[MROS]), measured using mitoSOX red, was significantly elevated in Danon iPSCCMs
(Fig. 4G) (p<0.05). These elevated levels of mMROS were significantly reduced by NAC and
rotenone, as well as by doxycycline-induced LAMP-2 overexpression (Fig. 4G) (p<0.01).
Induction of LAMP-2 in LAMP-2 OE iPSC-CMs significantly decreased the number of
fragmented mitochondria (Fig. 1L, N, Supporting Information Fig. 9D, I) (p <0.001), as well
as the number of AVs (Fig. 1L, M, Supporting Information Fig. 91). Danon iPSC-CMs
treated with NAC showed elongated mitochondria, and a significant decrease in
mitochondria fragmentation despite the continued accumulation of AVs (Supporting
Information Fig. 9D, F, H). This data suggests that oxidative stress plays a role in the
observed mitochondrial fragmentation. Importantly, treatment with NAC reversed the
increased apoptotic cell death observed in Danon iPSC-CMs (Fig. 4E) (p<0.05 for Danon A;
p<0.01 for Danon B), supporting a causal relationship between oxidative stress and
apoptosis. However, the abnormal calcium handling was not corrected with NAC treatment
(Supporting Information Fig. 8B, C) suggesting that the altered calcium dynamics may be
due to mechanisms other than oxidative stress. It is also possible that the residual damaged
mitochondria due to impaired mitophagy results in dysfunctional mitochondrial calcium
homeostasis. Nonetheless, the antiapoptotic and antioxidant effects of NAC may be of
significant benefit to Danon disease patients given that postmortem examination of affected
hearts shows significant myocardial necrosis and fibrosis [33]. This new treatment strategy
should be further validated using in vivo models.

Conclusions

We identified two Danon patients with distinct LAMP-2 mutations that lead to a complete
absence of LAMP-2 protein, which results in impaired autophagosome-lysosome fusion,
leading to defective autophagic flux. Using multiple iPSC lines from these patients, we
created a novel in vitro human model of Danon disease and demonstrated that impaired
autophagy results in increased oxidative stress and subsequent apoptosis in Danon cells.
These data provide insight into the cellular and molecular defects underlying the
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pathogenesis of end stage heart failure in Danon disease. Furthermore, we show that
scavenging free radicals and relieving excessive oxidative stress with the clinically approved
agent NAC prevents pathologic apoptotic cell death in Danon iPSCCMs in vitro. These
findings suggest that treating Danon patients with antioxidants such as NAC may be useful
for mitigating the disease. Elucidating the mechanisms by which impaired autophagy leads
to cell death in cardiac myocytes may also assist in the development of novel treatments for
a plethora of other diseases associated with impaired autophagic flux.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
LAMP-2 deficient induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs)

exhibit accumulation of AVs and mitochondrial fragmentation. (A—-H): Representative
confocal images of iPSC-CMs from (A,E) WT2, (B,F) Danon A2, (C,G) Danon B2, and
(D,H) LAMP-2 OE lines immunostained for LAMP-2 (green) and sarcomeric a-actinin (red)
reveal no visible LAMP-2 in Danon iPSC-CMs. LAMP-2 OE iPSC-CMs show LAMP-2
protein expression. DAPI (blue) was used for nuclear counterstaining. Scale bar = 10 um.
(1-L): Electron microscopy (EM) of iPSC-CMs from (1) WT2, (J) Danon A2, (K) Danon
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B2, and (L) LAMP-2 OE lines reveals significant accumulation of intracytoplasmic vacuoles
(red arrows) and presence of round fragmented mitochondria (red double arrowheads) in
Danon iPSC-CMs. A reduction in the number of intracytoplasmic vacuoles and the presence
of elongated mitochondria are noted in LAMP-2 OE compared to Danon A2 iPSC-CMs. N:
nucleus. Scale bar = 0.5 um. (I’-L’): Enlarged image of the boxed area in I-L. (M):
Quantification of AVs visualized by EM reveals the accumulation of more AVs in the
Danon A1-3 (45.9+9.9 AVs/CM) and Danon B1-2 (40.15+17.6 AVS/CM) iPSC-CM lines
compared to WT1-2 (10.3+3.4 AVs/CM) and LAMP-2 OE (18.6+3.5 AVs/CM) iPSC-CM
lines. **, p<.01 vs. WT; ##, p<.01 vs. Danon A, Student’s t test, n = 3. (N): Quantification
of mitochondrial fragmentation visualized by EM reveals the presence of a high percentage
of fragmented mitochondria in Danon A and Danon B compared to WT and LAMP-2 OE
iPSC-CM lines (% mitochondrial fragmentation is 87.4+8.5 for Danon A1-3, 60.6+22.1 for
Danon B1-2, vs. 23.5+7.8 for WT1-2, and 46.5+23.9 for LAMP-2 OE iPSC-CMs). *** p<.
001 vs. WT; ##, p<.01 vs. Danon A, Student’s t test, n = 3. Data are the means£SD.
Abbreviations: AVs, autophagic vacuoles; DAPI, 4/,6-diamidino-2-phenylindole; EM,
electron microscopy; LAMP-2, lysosomal-associated membrane protein type 2; WT, wild-
type

Sem Cells. Author manuscript; available in PMC 2015 November 18.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hashem et al.

Page 12
mRFP-GFP-LC3B + TNNT2 oA
T WT2 Danon A2 Danon B2 LAMP-2 OF’ Rl
S o
T P
LC3-| [ se sumb

GFP

mRFP

Merge + TNNT2 GFP+mRFP

LC3-1I/GAPDH
(Fold Change)
Il
@/\ ]
< .-
¢ I

'b‘\O(\ &
OV Q?
o‘?ﬁ’qﬁ’
o)
& S
LC3-| [ s
LC3-|| |
o | — g—
80- | Actin
s 60: M Early AVs ,63
S - (] Mature AVs £ 20
& 40 . # i—g Z %
e = -~
20+ . ~ 8% 1
4 - -l L
0 ‘_-’&fl 4 v - v % v % VO .
< & & ®Q0’<" OQ‘?'J’ &Z
Figure 2.

LAMP-2 deficient induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs)
exhibit impaired autophagic flux. (A-D”” ’): Confocal images of iPSC-CMs from (A-A"")
WT2, (B-B"”") Danon A2, (C—-C""’) Danon B2, and (D-D”” /) LAMP-2 OE lines expressing
tandem fluorescent mRFP-GFP-LC3B (tf-LC3B). GFP is quenched upon autophagosome—
lysosome fusion, whereas mRFP remains stable. Early autophagic vacuoles (AVs, white
arrowheads) express both mRFP and GFP signals, whereas mature AVs (yellow arrows)
express the mRFP signal only. (A-D): Images show GFP signal, that is, early AVs. (A’ -D/):
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Images show mRFP signal, that is, early and mature AVs. (A” -D”): Images show
colocalization of GFP and mRFP signals of the tF~LC3B. (A’ ’-D” ’): Images show cardiac
troponin T (TNNT2: magenta) immunostaining of the cells expressing tf-LC3B. DAPI
(blue) was used to counterstain nuclei. Scale bar = 10 um. (E): Quantification of early and
mature AVs in WT, Danon A, Danon B, and LAMP-2 OE iPSC-CMs expressing tfLC3B
reveals that Danon iPSC-CMs exhibit an increase in early AVs (59+13.1 for Danon A1-3,
29.5+6.8 for Danon B1-2 vs. 7+2.3 for WT1-2 iPSC-CM lines) and a reduction in mature
AVs compared to WT lines (3.0£2.3 for Danon A1-3, 1.4+0.8 for Danon B1-2 vs. 7.8+3 for
WT1-2 iPSC-CM lines). LAMP-2 OE iPSC-CMs show restored AV maturation (mature
AVs 28.7+7). *, p<.05 vs. WT, **, p<.01 vs. WT; ##, p<.01 vs. Danon A, Student’s t test, n
= 3. (F): Western blot of LC3-1 and -1l expression in WT2, Danon A2, and Danon B2 iPSC-
CMs. GAPDH loading control is shown. (G): Western blot quantification demonstrates
significantly more LC3-I1 in Danon A1-3 and Danon B1-2 iPSC-CMs compared to WT1-2
lines. Results for each group are pooled from experiments performed on all clones. **, p<.
01 vs. WT, Student’s t test, n = 4. (H): Western blot of LC3-1 and -1l expression in Danon
A2 and LAMP-2 OE iPSC-CMs. Actin loading control is shown. (I): Western blot
quantification demonstrates significantly less LC3-11 in LAMP-2 OE iPSC-CMs compared
to Danon A2 line. ##, p<.01 vs. Danon A2, Student’s t test, n = 4. Data are the means+SD.
Abbreviations: AVs, autophagic vacuoles; GADPH, glyceraldehyde 3-phosphate
dehydrogenase; GFP, green fluorescent protein; LAMP-2, lysosomal-associated membrane
protein type 2; LC3, Microtubule-associated protein 1 light chain 3; mRFP, monomeric red
fluorescent protein
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Figure 3.

Danon induced pluripotent stem cell-derived cardiomyocytes (IPSC-CMs) demonstrate
increased cell size, altered gene expression, and impaired calcium reuptake. (A-D):
Representative confocal images of iPSC-CMs from (A) WT2, (B) Danon A2, (C) Danon B2,
and (D) LAMP-2 OE lines immunostained for sarcomeric a-actinin (green). The cell
perimeter is outlined by a white dotted line. Nuclei are counterstained with DAPI (blue).
Scale bar = 20 um. (E): Danon A and B iPSC-CMs are significantly larger than WT and
LAMP-2 OE iPSC-CMs (9,879+904 pm3 for Danon A1-3 lines, 9,231.9+1,670 um3 for
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Danon B1-2 lines vs. 3,694+894 pum?3 for WT1-2 lines, and 5,281+783 um3 for LAMP-2 OE
line). #, p<.05 vs. WT; **, p<.01 vs. Danon A, Student’s t test, n = 4. (F): ANP and BNP
MRNA expression levels in iPSC-CMs. Danon A1-3 and B1-2 lines express significantly
more ANP and BNP than WT1-2 lines and LAMP-2 OE line (2.4+0.1- and 3.5+0.6-fold
increase in ANP and BNP, respectively, for Danon Al1-3 lines; 2.3+0.6- and 3.7+0.7-fold
for Danon B1-2 lines; 0.6+0.01- and 1.6+0.5-fold for LAMP-2 OE line compared to WT1-2
lines). #, p<.05 vs. WT; ##, p<.01 vs. WT; *, p<.05 vs. Danon A, Student’s t test, n = 3. (G):
Calcium transients were recorded in contracting cultures at baseline and after treatment with
isoproterenol (Iso, 1 pM), and t© was measured. Addition of isoproterenol shortened t
compared to baseline in all lines. Danon A2 and B2 iPSC-CMs exhibit a significantly longer
© than WT2 and LAMP-2 OE lines, reflecting a slower CaZ* decay rate under all conditions
examined (251+6.2 ms in Danon A2 and 274.9+7.2 ms in Danon B2 vs. 195.3+5.2 ms in
WT2 and 221.84+6 ms in LAMP-2 OE at baseline; 166.1+6.7 ms in Danon A2 and 187.8+5.8
ms in Danon B2 vs. 147.5+6.3 ms in WT2 and 148.3+4.9 ms in LAMP-2 OE following Iso
treatment). #, p<.05 vs. WT, ##, p<.01 vs. WT, *, p<.05 vs. Danon A, *, p<.01 vs. Danon A,
Student’s t test, n = 60. Data are expressed as means=SD, or+SEM for calcium imaging.
Abbreviations: ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; DAPI, 4,6-
diamidino-2-phenylindole; LAMP-2, lysosomal-associated membrane protein type 2; WT,
wild-type
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Figure 4.
LAMP-2 deficiency leads to increased cell death and mitochondrial oxidative stress

(mROS). (A-D): Representative confocal images of iPSC-CMs from (A) WT2, (B) Danon
A2, (C) Danon B2, and (D) LAMP-2 OE lines immunostained for TNNT2 (green) and
TUNEL (red). Nuclei are counterstained with DAPI (blue). Scale bar = 20 um. (E): Danon
lines display significantly more TUNEL positive iPSCCMs than WT lines and LAMP-2 OE
line (% TUNEL™ cardiomyocytes is 21.95+1.3 for Danon A1-3 lines, 24+2.82 for Danon
B1-2 lines vs. 10.15+0.57 for WT1-2 lines and 8.7+0.5 for LAMP-2 OE line). NAC
treatment significantly reduces the number of TUNEL positive Danon iPSC-CMs (17.07
0.59 for Danon A1-3 +NAC, and 15.25 + 1.75 for Danon B1-2 +NAC). #, p<.05 vs. WT, *,
p<.05 vs. Danon A, **, p<.01 vs. Danon A, &, p<.01 vs. Danon B, Student’s t test, n = 3.
(F): iPSC-CMs from Danon A and B lines display increased levels of total ROS compared
to WT and LAMP-2 OE lines, as measured using DCFDA (2.2+0.1-fold change for Danon
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A1-3 lines, 3.97%0.7-fold for Danon B1-2 lines, and 1.33+0.1-fold for LAMP2-OE line
compared to WT1-2 lines). #, p<.05 vs. WT, ##, p<.01 vs. WT, **, p<.01 vs. Danon A, &,
p<.05 vs. Danon B, Student’s t test, n = 3. (G): iPSC-CMs from Danon A and B lines show
increased levels of mMROS compared to WT and LAMP-2 OE lines, as measured using
mitoSOX (1.8+0.1-fold change for Danon A1-3 lines, 2.83+0.6-fold for Danon B1-2 lines,
and 1.1+0.3-fold for LAMP2-OE line compared to WT1-2 lines). #, p<.05 vs. WT, **, p<.
01 vs. Danon A, &, p<.01 vs. Danon B, Student’s t test, n = 3. Data are expressed as means
+SD. Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; iPSC-CMs, induced pluripotent
stem cell-derived cardiomyocytes; LAMP-2, lysosomal-associated membrane protein type 2;
mROS, mitochondrial oxidative stress; NAC, N-acetylcysteine; ROS, reactive oxygen
species; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; WT, wild-

type
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