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YAP plays a crucial role in the development
of cardiomyopathy in lysosomal storage diseases
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Lysosomal dysfunction caused by mutations in lysosomal genes results in lysosomal storage disorder (LSD), characterized

by accumulation of damaged proteins and organelles in cells and functional abnormalities in major organs, including

the heart, skeletal muscle, and liver. In LSD, autophagy is inhibited at the lysosomal degradation step and accumulation

of autophagosomes is observed. Enlargement of the left ventricle (LV) and contractile dysfunction were observed in

RagA/B cardiac-specific KO (cKO) mice, a mouse model of LSD in which lysosomal acidification is impaired irreversibly.

YAP, a downstream effector of the Hippo pathway, was accumulated in RagA/B cKO mouse hearts. Inhibition of YAP
ameliorated cardiac hypertrophy and contractile dysfunction and attenuated accumulation of autophagosomes without
affecting lysosomal function, suggesting that YAP plays an important role in mediating cardiomyopathy in RagA/B cKO

mice. Cardiomyopathy was also alleviated by downregulation of Atg7, an intervention to inhibit autophagy, whereas it was
exacerbated by stimulation of autophagy. YAP physically interacted with transcription factor EB (TFEB), a master transcription
factor that controls autophagic and lysosomal gene expression, thereby facilitating accumulation of autophagosomes without
degradation. These results indicate that accumulation of YAP in the presence of LSD promotes cardiomyopathy by stimulating
accumulation of autophagosomes through activation of TFEB.

Introduction
Lysosomes are responsible for degrading cellular proteins, lipids,
pathogens, and organelles sequestered through autophagy, thereby
regulating a wide variety of physiological processes, including cellular
quality control mechanisms, metabolism, and signaling (1, 2). Lyso-
somal dysfunction caused by genetic mutations in lysosomal genes
resultsinlysosomal storage disorder (LSD), characterized by accumu-
lation of damaged proteins and organelles in cells (3). Increasing lines
of evidence demonstrate that aging and obesity also cause lysosomal
dysfunction (4, 5). Lysosomal dysfunction leads to both morphologi-
cal and functional abnormalities in major organs, including the heart,
skeletal muscle, and liver. In the heart, lysosomal dysfunction causes
severe hypertrophic cardiomyopathy and heart failure (6, 7). Howev-
er, the underlying molecular mechanism mediating cardiomyopathy
remains unclear and no effective treatment currently exists.

The Rag-Ragulator complex is a key regulator of lysosome
function (8). Rag proteins are Ras-like small GTPases that are
anchored on the surface of lysosomes by Ragulator, which also
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acts as a guanine nucleotide exchanger for Rag proteins A and B
(RagA/B) (9, 10). Although Rag GTPases, consisting of RagA/B
and RagC/D heterodimers, can bind directly to Raptor, a subunit
of mechanistic target of rapamycin complex 1 (nTORC1), and are
involved in the recruitment of mTORCI to the lysosomal mem-
brane (8, 11), Rag GTPases also indirectly bind to proton-pumping
V-type ATPase through Ragulator. We demonstrated previously
that loss of RagA/B induces lysosomal dysfunction with lyso-
somal pH elevation due to inactivation of proton-pumping V-type
ATPase. Muscle-specific homozygous deletion of RagA/B driven
by creatine kinase-Cre resulted in hypertrophic cardiomyopathy
reminiscent of LSD (12). However, the underlying mechanism
of cardiomyopathy observed in the RagA/B KO mice remains
unknown. Thus, we here aimed to elucidate the molecular mecha-
nism of cardiomyopathy in RagA/B KO mice.

The Hippo pathway is an evolutionarily conserved signaling
pathway that serves as a key regulator of organ size (13). Yes-asso-
ciated protein (YAP), a transcription cofactor and a major terminal
effector of the Hippo pathway, promotes cell growth and surviv-
al by stimulating cell proliferation and inhibiting apoptosis (14).
Activation of YAP induces tumorigenesis and tissue regeneration
in many organs. Activation of YAP in the heart promotes surviv-
al of cardiomyocytes (CMs) (15) and induces cardiac repair and
regeneration after myocardial infarction (16), thereby generally
playing a salutary role. However, we recently discovered that per-
sistent activation of YAP in the heart leads to cardiac dysfunction
in response to stress, including pressure overload, by promoting
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Figure 1. RagA/B cKO mice exhibit severe hypertrophy reminiscent of LSD. (A) Representative images of control (Ctr) and RagA/B cKO mouse hearts at
12 weeks old. (B) Quantitative analysis of total HW/TL at 12 weeks. n = 6. (C) Left: representative micrographs of WGA staining of the LV. Right: quantita-
tive analysis of CSA at 12 weeks. n = 6. (D) Relative ANF and BNP mRNA expression at 12 weeks. n = 7. (E) Representative immunoblots of 1.5-month old
control and RagA/B cKO mouse heart homogenates. Mice were treated with CQ or vehicle for 4 hours before euthanasia. Quantitative analyses of LC3-Il/a-
tubulin are shown. n = 4. (F) Representative echocardiographic tracings of control and RagA/B cKO mouse hearts at 12 weeks. Quantitative analyses of FS
and LVEDD are shown. n = 6. (G) Kaplan-Meier survival curves. Results are expressed as mean + SEM in B, C, E, and F. In D, results are shown as box plots,
showing the median (center line) and IQR. Whiskers represent minima and maxima within 1.5 IQR as indicated. *P < 0.05; **P < 0.01, ANOVA.

dedifferentiation of CMs (17). Furthermore, nuclear accumulation
of YAP in CMs is induced in the presence of high-fat diet consump-
tion and superimposition of high blood pressure exacerbates the
development of heart failure (18). Thus, activation of YAP in the
heart can be either salutary or detrimental in a context-dependent
manner. YAP associates with transcription factors, including the

TEAD family transcription factors, thereby regulating a wide vari-
ety of downstream target genes, depending upon the availability
of the transcription factors with which YAP partners. We discov-
ered that another condition in which YAP is persistently activated
in the heart is in cardiac-specific RagA/B KO (RagA/B cKO) mice,
a mouse model of LSD, in which cardiomyopathy is induced by
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lysosomal dysfunction. Furthermore, we found that YAP physi-
cally interacts with transcription factor EB (TFEB), a transcription
factor that controls lysosome biogenesis and autophagy.

Here, we hypothesize that activation of YAP caused by lyso-
somal dysfunction plays an important role in mediating hypertro-
phic cardiomyopathy. We asked (a) whether YAP is activated in the
hearts of RagA/B KO mice, (b) whether YAP plays an important
role in mediating the cardiomyopathy phenotype in RagA/B cKO
mice, and (c) whether the YAP/TFEB pathway promotes autopha-
gy and death of CMs in RagA/B cKO mice.

Results

RagA/B cKO mice exhibit severe hypertrophic cardiomyopathy rem-
iniscent of LSD. We have shown previously that mice with mus-
cle-specific deletion of RagA/B (RagA/B mKO), generated using
muscle creatine kinase promoter-driven Cre, develop marked left
ventricular (LV) enlargement and cardiac dysfunction (12). Since
RagA/B is downregulated not only in the heart but also in skeletal
muscles in RagA/B mKO mice, in order to confirm that the cardiac
defect is caused by downregulation of RagA/B in the heart alone,
cardiac-specific homozygous RagA/B KO (RagA/B cKO) mice
were generated, using Myh6-Cre-mediated deletion of floxed
RagA/B alleles. Postmortem analyses indicated LV enlargement,
increases in heart weight/tibial length (HW/TL), and increases
in histologically evaluated CM cross-sectional area (CSA) at 12
weeks of age (Figure 1, A-C). RagA/B cKO mice also exhibited
upregulation of hypertrophic markers, including atrial natriuretic
factor (ANF) and brain natriuretic peptide (BNP) (Figure 1D). Sim-
ilarly to RagA/B mKO mice, RagA/B cKO mice exhibited decreas-
es in the mature form of cathepsin D and increases in LC3-II and
p62/SQSTM1in the heart (Supplemental Figure 2A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI143173DS1), whereas chloroquine (CQ) treatment increased
LC3-1I in control mice, but not in RagA/B cKO mice (Figure 1E),
consistent with lysosomal dysfunction and inhibition of auto-
phagic flux. Echocardiographic examination at 12 weeks revealed
that RagA/B cKO mice had a significantly lower LV fractional
shortening (FS) and a significantly greater LV-end diastolic diam-
eter (LVEDD) than control mice (Figure 1F). In order to evaluate
whether cardiac hypertrophy develops secondary to LV dysfunc-
tion, the time courses of cardiac hypertrophy and LV dysfunction
were evaluated in RagA/B cKO mice. RagA/B cKO mice exhibited
LV dysfunction and dilation as early as 2 weeks, the earliest time
point at which we could conduct echocardiography after weening
(Supplemental Figure 1). Baseline cardiac hypertrophy, evidenced
by increases in HW/TL, was also observed as early as 2 weeks, the
earliest time point we examined (Supplemental Figure 1). Thus,
both cardiac hypertrophy and LV dysfunction develop rapidly
after birth in RagA/B cKO mice. Whether cardiac hypertrophy
develops independently of LV dysfunction during early postnatal
development remains to be clarified.

RagA/B cKO mice exhibited elevated interstitial fibrosis com-
pared with control mice (Supplemental Figure 2B). Furthermore,
RagA/B cKO mice showed significantly more TUNEL-positive
CMs than control mice (Supplemental Figure 2C). RagA/B cKO
mice also exhibited less nuclear staining of HMGBI1 (19) in CMs
than control mice (Supplemental Figure 2D). These results sug-
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gest that cardiac-specific downregulation of RagA/B increases
both apoptosis and necrosis of CMs in vivo. Kaplan-Meier survival
analysis showed that RagA/B cKO mice had a significantly greater
mortality rate than control mice (Figure 1G). Electron microscop-
ic analyses indicated that the number of autophagosomes and
autolysosomes was increased in myocardial sections obtained
from RagA/B cKO mice compared with those from control mice.
In addition, prominent accumulation of glycogen was observed in
myocardial sections from RagA/B cKO mice (Supplemental Figure
2, E and F). Taken together, these data indicate that RagA/B cKO
mice exhibit hypertrophic cardiomyopathy reminiscent of LSD.

YAP was upregulated in the hearts of RagA/B cKO mice. Inactiva-
tion of the Hippo pathway or activation of YAP, a major transcrip-
tion factor cofactor of the Hippo pathway, induces enlargement of
the fetal heart and the liver in mice through increased cell prolif-
eration (13). We have shown recently that activation of YAP and its
downstream mechanisms, including miR-206 and Akt, mediate
cardiac hypertrophy in vitro and in vivo (15, 17, 20, 21). We there-
fore investigated whether YAP is activated in the hearts of RagA/B
cKO mice. Immunostaining and Western blot analyses of the heart
revealed that YAP was significantly upregulated in the cytosol and
the nuclei of CMs in RagA/B cKO hearts (Figure 2, A and B). Quan-
titative analysis showed that the level of YAP in the nucleus was sig-
nificantly higher in RagA/B ¢cKO mice than in control mice (Figure
2, A and B). Quantitative PCR analyses indicated that target genes
of YAP, including Ctgf and Runx2, were significantly upregulated
in RagA/B cKO hearts (Supplemental Figure 3A). RagA/B cKO
hearts also exhibited increases in cell-cycle reentry, as indicated
by increases in phospho-histone H3 (Supplemental Figure 3B),
and the markers of CM dedifferentiation, as indicated by upreg-
ulation of B-myosin heavy chain (3-MHC) and a-smooth muscle
actin and downregulation of cardiac troponin T (Supplemental
Figure 3, C and D), reminiscent of the cardiac phenotype observed
in Hippo-deficient mice in the presence of pressure overload (17).
Taken together, these results suggest that YAP is upregulated and
that signs of CM dedifferentiation are observed in RagA/B cKO
mouse hearts. We also evaluated protein expression of YAP in the
heart in myocardial biopsy specimens obtained from patients with
untreated Fabry disease, an LSD. The nuclear expression of YAP in
CMs was significantly elevated in these patients compared with in
those without Fabry disease (Figure 2C).

We next investigated the mechanism by which YAP is upreg-
ulated in RagA/B cKO mice. mRNA expression of YAP in the
RagA/B cKO mouse heart did not differ significantly from that
in the control mouse heart (Supplemental Figure 4A). Treat-
ment with MG132, a proteasome inhibitor, or bafilomycin Al, a
vacuolar H*ATPase inhibitor, increased the level of YAP in cul-
tured CMs, suggesting that YAP is degraded through both pro-
teasome- and lysosome-dependent mechanisms (Supplemental
Figure 4B). Staining of cultured CMs with anti-YAP antibody
showed that MG132 and bafilomycin Al increased the level of
YAP in both the cytosol and the nucleus (Supplemental Figure
4C). A previous study reported that YAP coimmunoprecipitates
with the autophagy cargo receptor p62 in mouse embryonic
fibroblasts (MEFs) in the presence of CQ (22). We confirmed
that YAP coimmunoprecipitates with p62 in CMs in the pres-
ence of CQ, a condition of lysosome suppression similar to that
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observed in RagA/B mKO mice (ref. 12 and Supplemental Figure
4D). Since autophagy is suppressed in both RagA/B mKO and
cKO mice, in order to test whether suppression of autophagy
is sufficient to increase the level of YAP, we evaluated the lev-
els of YAP in atg7 KO MEFs and in adult CMs freshly isolated
from the hearts of cardiac-specific atg7 KO (atg7 cKO) mice
(Supplemental Figure 4, E and F). The level of YAP was 1.8-fold
higher in atg7 KO MEF cells than in control MEF cells and 5.8-
fold higher in CMs isolated from atg7 cKO mouse hearts than
in those from control mouse hearts. These results suggest that
suppression of autophagic degradation leads to accumulation
of YAP in RagA/B cKO hearts. YAP is degraded through a B-Tc-
CP E3 ligase-dependent mechanism when the upstream Hippo
kinases, namely the Mst1/2-Lats1/2 pathway, are activated (23).
However, phosphorylation of Mstl at Thr183, a measure of its
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—* Figure 2. Nuclear accumulation of YAP in RagA/B
®] cKO mouse hearts. (A) Representative micrographs
1) and quantitative analysis of nuclear YAP (red, YAP;
green, sarcomeric actin; blue, DAPI). Symbols indi-
cate mean percentage of YAP-positive nuclei/total
nuclei calculated from more than 20 power fields
per experiment. Arrowheads indicate YAP-positive
nuclei in cardiomyocytes. n = 7. (B) Representa-
tive images of YAP immunoblots of cytosolic and
nuclear fractions. n = 8. For A and B, analyses were
carried out at 12 weeks of age. (C) Representative
micrographs and quantitative analysis of nuclear
5 §2 YAP in the heart. Heart specimens obtained from
Jia} ; control patients without Fabry disease (n = 8) and
28’ % from Fabry disease patients (n = 7) were subjected
14 & to immunostaining with anti-YAP and anti-sar-

comeric actin antibodies. Quantitative analysis
% is shown on the right. Symbols indicate relative

1 mean YAP-positive nuclei/total nuclei calculated
from more than 10 high-power fields per experi-
ment. The mean YAP-positive nuclei/total nuclei in
control patient hearts was define as 1. Results are
expressed as mean + SEM in A and C. In B, results
are shown as box plots, showing the median (center
line) and IQR. Whiskers represent minima and max-
ima within 1.5 IQR as indicated. **P < 0.01, ANOVA.
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activity, in RagA/B cKO mice did not differ significantly from
that in WT mice (Supplemental Figure 4G). Thus, it is unlikely
that the accumulation of YAP occurs due to suppression of ubig-
uitin proteasome degradation in RagA/B cKO mice.

YAP deletion in RagA/B cKO mice alleviated cardiac hyper-
trophy and improved cardiac function. In order to investigate
the role of endogenous YAP in mediating the development of
cardiomyopathy in RagA/B cKO mice, we crossed RagA/B cKO
mice with cardiac-specific heterozygous Yap KO (Yap hcKO)
mice. Both heart size and HW/TL were significantly smaller
in RagA/B cKO mice with cardiac-specific heterozygous dele-
tion of YAP (RagA/B cKO+Yap hcKO) than in RagA/B cKO mice
without YAP deletion at 3 months of age (Figure 3, A and B). CM
CSA was significantly smaller in RagA/B ¢cKO+Yap hcKO mice
than in RagA/B cKO mice, indicating attenuation of cardiac
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Figure 3. Heterozygous deletion of YAP in RagA/B cKO mice reduces cardiac hypertrophy and alleviates cardiac dysfunction. (A) Representative whole-mount
images and sagittal sections of control, YAP hcKO, RagA/B cKO, and RagA/B-cKO+YAP hcKO mouse hearts at 12 weeks old. (B) Quantitative analysis of HW/TL at
12 weeks. n = 8. (C) Quantitative analysis of CM CSA. n = 8. (D) Quantitative analysis of FS and LVEDD, as evaluated with echocardiographic measurements. n = 8.
(E) Quantitative analysis of TUNEL-positive CMs. n = 8. Symbols indicate percentage of TUNEL-positive cardiomyocytes calculated from more than 10 high-power
fields per experiment. (F) Representative immunoblots of heart homogenates. Blots run in parallel, contemporaneously, using identical samples are shown. n = 8.
Analyses were carried out at 12 weeks of age in A-F. (G) Kaplan-Meier survival curves. Results are expressed as mean + SEM. *P < 0.05; **P < 0.01, ANOVA.

hypertrophy (Figure 3C). RagA/B cKO+Yap hcKO mice exhib-
ited a significantly higher FS and smaller LVEDD than RagA/B
cKO mice, as evaluated by echocardiography (Figure 3D).
RagA/B cKO+Yap hcKO mice also exhibited significantly fewer
TUNEL-positive CMs than RagA/B ¢cKO mice (Figure 3E). Fur-

J Clin Invest. 2021;131(5):e143173

thermore, RagA/B cKO+Yap hcKO mice showed significantly
lower levels of cleaved caspase-3 than RagA/B cKO mice (Figure
3F and Supplemental Figure 5). Kaplan-Meier survival analyses
showed that RagA/B cKO+Yap hcKO mice had a significantly
better survival rate than RagA/B cKO mice (Figure 3G).
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Figure 4. Downregulation of YAP attenuates autophagy without affecting lysosomal function in the presence of RagA/B downregulation. (A) Quantitative
analysis of immunoblotting for cathepsin D/a-tubulin in mouse hearts. n = 6. (B) Quantitative analysis of immunoblotting for cathepsin D/a-tubulin in cultured
CMs. n = 5. (C) Quantitative analysis of lysosomal pH in cultured CMs. Relative intensity was obtained from more than 10 cells per each experiment. n = 4. (D)
Quantitative analysis of immunoblotting for LC3I1/a-tubulin in cultured CMs. n = 5. (E) Representative images of mRFP-GFP-LC3 puncta in cultured CMs in vitro.
Quantitative analyses of LC3 puncta are shown on the right. Yellow puncta (left, indicated by arrows) and columns (right) indicate GFP-RFP double-positive
puncta and represent autophagosomes, whereas red puncta (left, indicated by arrowheads) and columns (right) indicate GFP negative-RFP positive puncta and
represent autolysosomes. Puncta were measured from more than 100 cells per experiment. n = 3. (F) Neonatal CMs were treated with siControl or siRagA/B for
60 hours or 5 uM TAT-beclin 1 for 24 hours. Cells were treated with 100 nM MtPhagy Dye and 1 uM Lyso dye. Strong MtPhagy Dye puncta colocalized with Lyso-
dye (indicated by white arrows) were counted from more than 20 cells per experiment. n = 3. Scale bars: 20 um. In A, B, and D, results are shown as box plots,
showing the median (center line) and IQR. Whiskers represent minima and maxima within 1.5 IQR as indicated. In C, results are expressed as mean + SEM. In E
and F, results are expressed as mean + SD. *P < 0.05; **P < 0.01, ANOVA.
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In order to further elucidate the role of endogenous YAP in
the development of cardiomyopathy in adult RagA/B cKO mice,
we treated 3-month-old RagA/B cKO mice with verteporfin, a
small molecule that inhibits interaction between YAP and TEAD
transcription factors (ref. 24 and Supplemental Figure 6A). Sim-
ilarly to the effect of genetic downregulation of YAP, vertepor-
fin treatment alleviated cardiac hypertrophy and dysfunction
in RagA/B c¢KO mice (Supplemental Figure 6, B-E). Verteporfin
treatment also decreased the number of TUNEL-positive CMs
in RagA/B c¢KO mice (Supplemental Figure 6F), suggesting that
endogenous YAP partially mediates cardiac hypertrophy and
dysfunction in RagA/B c¢KO mice. Furthermore, verteporfin
treatment improved cell viability in CMs transduced with shR-
NA-targeting RagA/B (sh-RagA/B) (Supplemental Figure 6G).
These results suggest that YAP negatively affects the survival of
CMs in the presence of RagA/B downregulation in a cell-auton-
omous manner. Although genetic downregulation of YAP with
Mpyh6-Cre may affect myocyte proliferation during fetal develop-
ment, verteporfin treatment inhibits the activity of YAP postna-
tally. Thus, these results demonstrate that postnatal suppression
of YAP inhibits the development of cardiomyopathy in RagA/B
cKO mice. Furthermore, verteporfin treatment reversed estab-
lished cardiomyopathy in RagA/B cKO mice.

Normalization of YAP failed to rescue the lysosomal dysfunc-
tion in the presence of Rag A/B knockdown. Lysosome function is
markedly impaired in RagA/B mKO mice (12). We investigated to
determine whether the salutary effect of YAP downregulation in
Rag A/B cKO mice is mediated through improvement of lysosom-
al function. Downregulation of endogenous YAP in RagA/B cKO
mice did not restore the level of mature cathepsin D in the heart
in vivo (Figure 3F and Figure 4A). sh-RagA/B-mediated downreg-
ulation of RagA/B in cultured CMs decreased the level of mature
cathepsin D in vitro (Figure 4B), suggesting that downregulation
of RagA/B induces lysosomal dysfunction in a cell-autonomous
manner. In this condition, neither downregulation of endoge-
nous YAP nor overexpression of YAP affected the level of mature
cathepsin D (Figure 4B). Downregulation of RagA/B induced
neutralization of lysosomal pH in cultured CMs, consistent with
what was observed in the RagA/B mKO mouse heart (12). Again,
neither downregulation of endogenous YAP nor overexpression of
YAP in this condition affected the pH in lysosomes (Figure 4C).
Thus, YAP does not affect lysosomal function in CMs, and the
rescue of the cardiomyopathy phenotype in RagA/B cKO mice via
partial downregulation of YAP was likely not mediated through
restoration of lysosomal function.

Downregulation of endogenous YAP decreases autophagosome
formation without affecting lysosomal function in CMs with RagA/B
downregulation. Autophagy is markedly impaired in RagA/B mKO
mice (12). We next evaluated how downregulation of YAP affects
the level of autophagy in CMs. Downregulation of RagA/B signifi-
cantly increased the level of LC3II and the number of autophago-
somes, evaluated by counting GFP-LC3/RFP-LC3 double-positive
(yellow) puncta in cultured CMs transduced with tandem fluo-
rescent LC3 (Figure 4, D and E). Since lysosomes do not function
properly in the presence of RagA/B downregulation, the increas-
es in LC3II and in yellow dots without a concurrent increase in
red dots indicate accumulation of autophagosomes without an
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increase in autophagic flux. Mitophagic activity, as evaluated with
MtPhagy Dye (25), was low and at background levels in CMs in
which RagA/B was downregulated with siRNAs (Figure 4F). Treat-
ment of control CMs with a low dose of TAT-Beclin 1, an inducer
of mitophagy (26), prominently increased strong fluorescence of
MtPhagy Dye, serving as a positive control in this experiment.
Thus, mitophagy is not affected by downregulation of RagA/B.

Although shRNA-mediated downregulation of YAP (sh-YAP)
did not affect the level of LC3II or the number of yellow dots in
control CMs, it significantly decreased LC3II and yellow dots in
CMs treated with sh-RagA/B (Figure 3F and Figure 4, D and E).
On the other hand, overexpression of YAP further enhanced the
increase in the level of LC3II in the presence of RagA/B down-
regulation (Figure 4D). Taken together, these results suggest that
downregulation of endogenous YAP decreases autophagosome
formation without affecting lysosomal function in CMs in the
presence of RagA/B downregulation.

Cardiac dysfunction in RagA/B cKO mice is alleviated by suppres-
sion of autophagy and exacerbated by stimulation of autophagy. Pre-
vious studies demonstrated that accumulation of autophagosomes
facilitates cell death in the presence of stable inactivation of lyso-
somes by CQ treatment (27-29). We therefore determined whether
attenuation of autophagosome accumulation alleviates CM death
in the presence of RagA/B downregulation. To this end, we eval-
uated the effect of interventions to inhibit autophagosome forma-
tion upon cell death in RagA/B knockdown CMs. Knockdown of
Atg7 in conjunction with sh-RagA/B treatment alleviated CM cell
death; this was accompanied by decreases in the accumulation of
autophagosomes in the CMs (Figure 5, A and B). One mechanism
mediating cell death in response to excessive activation of autoph-
agy is autosis (30). Electron microscopic analyses indicated that
cells with perinuclear space, an important feature of autosis (30),
are identified more frequently in the heart after ischemia/reperfu-
sion, but not in the RagA/B cKO mouse heart or in the control heart
(Figure 5C). Decreased CM viability in response to RagA/B down-
regulation was alleviated in the presence of ZVAD, an inhibitor of
apoptosis, or Necl, an inhibitor of necroptosis (Figure 5D). Thus,
downregulation of RagA/B induces cell death in CMs through
either apoptosis or necroptosis, but not autosis. Furthermore, cardi-
ac hypertrophy and LV dysfunction observed in RagA/B cKO mice
were partially alleviated when RagA/B cKO mice were crossed with
Atg7 heterozygous cKO mice (Figure 5, E and F). We further inves-
tigated whether the cardiac dysfunction phenotype in RagA/B cKO
mice is exacerbated when autophagy is stimulated. To this end, we
injected either TAT-beclin 1, a cell-permeable and potent inducer
of autophagy (31), or TAT-scrambled into control and RagA/B cKO
mice. We have shown previously that injection with a low dose of
TAT-beclin 1 upregulates autophagy in the heart (26). Injection of
TAT-beclin 1, but not TAT-scrambled, exacerbated cardiac dys-
function, as indicated by decreases in FS, in RagA /B cKO mice, but
not in WT mice (Figure 5G). These results suggest that the accu-
mulation of autophagosomes without a concomitant increase in
autophagic flux may be toxic in the heart. Cotreatment of cultured
CMs with TAT-beclin 1 and bafilomycin A1l significantly increased
the size of CMs, suggesting that accumulation of autophagosomes
in the presence of lysosomal dysfunction directly stimulates cardi-
ac hypertrophy in a cell-autonomous manner (Figure 5H). Known
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Figure 5. Suppression of autophagy alleviates cardiac dysfunction in RagA/B cKO mice. (A and B) CMs were transduced with Ad-lacZ, Ad-sh-RagA+Ad-sh-
RagB, or Ad-sh-RagA+Ad-sh-RagB+Ad-sh-Atg7. (A) Cell viability quantified by CellTiter-Blue assay. n = 4. Values were measured from more than 8 different
wells per experiment. (B) CMs were transduced with Ad-tandem fluorescent LC3, and accumulation of autophagosomes (yellow puncta) and autolysosomes
(red puncta) was evaluated. n = 3. Values were measured for more than 50 cells per experiment. Scale bar: 20 pm. (C) Percentage of cells with PNS. n = 4-7.

In each mouse, cells with PNS were counted from more than 100 CMs. (D) Cells were treated with DMOS, zVAD, or Nec1 with siRagA/B or siCont. Cell viability
quantified by CellTiter-Blue assay. n = 4. In each experiment, cell viability was evaluated from more than 8 different wells. (E) HW/TL in WT, Atg7 hcKO,
RagA/B cKO, and RagA/B cKO+Atg7 hcKO mice at 2.5 months old. n = 4-11. (F) Percentage of FS in WT, Atg7 hcKO, RagA/B cKO, and RagA/B cKO+Atg7 hcKO
mice at 2.5 months old. n = 4-14. (G) WT and RagA/B cKO mice were injected with TAT-scrambled (TS) or TAT-beclin 1(TB) for 1to 2 weeks. Quantitative
analyses of echocardiographically evaluated percentage of FS are shown. n = 4-12. (H) Neonatal CMs were treated with 5 uM TAT-beclin 1, 20 nM bafilomycin
A1 or TAT-beclin 1+Bafilomycin A1 for 24 hours. Cells were stained with cardiac troponin T, and cell size was quantified. n = 6. In each experiment, cell size
was measured from more than 50 cells. Results are expressed as mean + SD. *P < 0.05; **P < 0.01, ANOVA.

:

inducers of cardiac hypertrophy, including mTORC1 and Akt, were
not significantly activated in RagA/B cKO mice (Supplemental Fig-
ure 7), consistent with our previous results. We next investigated
the mechanism by which YAP affects autophagosome formation.
YAPregulates TFEB activity during lysosomal dysfunction. TFEB,
a master regulator of autophagic and lysosomal gene expression,
is translocated into the nucleus and activated in hearts with LSD

(32). We have shown that RagA/B mKO hearts exhibit nuclear
localization of TFEB (12). On the other hand, the level of TEAD, a
well-established target of YAP, did not differ significantly between
RagA/B cKO and control mouse hearts (Supplemental Figure 8,
A and B). Both YAP and TFEB were translocated into the nuclei
of CMs in the presence of RagA/B downregulation (Figure 6A).
Coimmunoprecipitation assays showed that YAP interacts with
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Figure 6. Endogenous YAP interacts with TFEB in CMs transduced with Ad-sh-RagA/B and promotes TFEB-mediated transcription. (A and B) CMs were
transduced with or without Ad-sh-RagA/B. (A) Representative immunoblots of cytosolic and nuclear fractions. Blots run in parallel, contemporaneous-
ly, using identical samples are shown. n = 5. (B) CM lysates were subjected to immunoprecipitation with anti-YAP or control antibody. Original lysates

(input) and the immunoprecipitation samples were then subjected to immunob

lot analyses. Representative images are shown. For input, a blot run in

parallel, contemporaneously, using identical samples is shown. n = 5. (C) Triple immunostaining with anti-YAP and anti-TFEB antibodies and DAPI of CMs
transduced with Ad-sh-RagA/B. n = 6. (B) PLAs using anti-YAP and anti-TFEB antibodies in CMs transduced with Ad-sh-RagA/B. Inset shows a 3.2-fold
magnification of area indicated by yellow rectangle. n = 3. (E) TFEB reporter gene assays were conducted with neonatal CMs transduced with Ad-sh-Scr or
Ad-sh-YAP in the presence or absence of Ad-sh-RagA/B. n = 6. (F) ChIP assays with anti-YAP antibody in CMs transduced with Ad-sh-Scr or Ad-sh-YAP in
the presence or absence of Ad-sh-RagA/B. The precipitated chromatin was subjected to PCR to detect the presence of the TFEB-binding element in the
rat MAPLC3B promoter, as indicated in the inset. n = 6. Results are expressed as mean + SEM. *P < 0.05; **P < 0.01, ANOVA.

TFEB in the CM nucleus when RagA/B is downregulated (Figure
6B). Likewise, coimmunostaining assays (Figure 6C) and proximi-
ty ligation assays (PLAs) (Figure 6D and Supplemental Figure 9A)
indicated that YAP interacts with TFEB in the CM nucleus in the
presence of RagA/B knockdown.

In order to evaluate the effect of YAP upon the transcription-
al activity of TFEB, reporter gene assays were conducted using
a luciferase reporter harboring the TFEB-binding site (-100/+9)
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(33). The activity of the reporter gene in CMs was increased in the
presence of RagA/B knockdown, but this increase was attenuat-
ed in the presence of YAP downregulation (Figure 6E). RagA/B
knockdown did not activate the reporter when there was a muta-
tion in the TFEB-binding site (-100/+9 mut). ChIP assays showed
that TFEB interacts with the MAPLC3B promoter, which contains
a TFEB-binding site, in CMs in the presence of RagA/B downreg-
ulation. This interaction was attenuated in the presence of YAP

:


https://www.jci.org
https://doi.org/10.1172/JCI143173
https://www.jci.org/articles/view/143173#sd

_JCI et

RESEARCH ARTICLE

Lysosomal dysfunction
FLCN mutation
RagA/B deficiency
V-ATPase inhibition

N\

Suppression of
autophagic flux

\4
Nuclear accumulation Accumulation I_ YAP-cKO
of TFEB of YAP Verteporfin

Excessive accumulation
of autophagosomes

|

LSD
Cardiomyopathy

I— atg7-cKO

Figure 7. Schematic representation of the current hypothesis. In the
hearts of RagA/B cKO mice, a mouse model of LSD, YAP is stabilized in
the CM nucleus, interacts with TFEB, and stimulates autophagy. Since the
function of lysosomes is severely and irreversibly impaired in this model of
LSD, stimulation of autophagy is detrimental. In CMs with RagA/B down-
regulation, suppression of autophagy is protective, whereas activation of
autophagy is detrimental. Together with our recent results showing that
hyperactivation of YAP promotes dedifferentiation of CMs (17), we propose
that YAP promotes heart failure in LSD.

knockdown (Figure 6F). Consistently, downregulation of RagA/B
significantly upregulated mRNA expression of TFEB target genes
in cultured CMs, an effect that was significantly attenuated in the
presence of YAP downregulation (Supplemental Figure 9B). These
results are consistent with the notion that TFEB upregulates genes
involved in autophagosome formation (32) and that YAP positive-
ly affects the function of TFEB in CMs by acting as a transcription
cofactor. Finally, we evaluated the role of TFEB in mediating CM
death in the presence of RagA/B downregulation in vitro. Decreas-
es in the viability of cultured CMs in response to RagA/B knock-
down were significantly alleviated when TFEB was downregulated
(Supplemental Figure 10), suggesting that endogenous TFEB plays
a critical role in mediating the cell death-inducing effect of RagA/B
downregulation. In contrast, adenovirus-mediated upregulation of
TFEB failed to enhance RagA/B knockdown-induced cell death
(Supplemental Figure 10), consistent with the notion that RagA/B
downregulation and TFEB act on the same pathway for the induc-
tion of cell death and, therefore, do not have additive effects.

Discussion

We here show that activation of autophagy through the YAP/TFEB
pathway in the presence of an intractable block of autophagic flux
at the lysosome level, such as permanent suppression of lysosom-
al acidification due to downregulation of RagA/B (12), promotes
accumulation of autophagosomes and death of CMs, thereby
promoting the development of cardiomyopathy in RagA/B cKO
mice, a mouse model of LSD (Figure 7). Although previous studies
have suggested stimulation of autophagy as a therapeutic option
for LSD (34), caution should be exercised in evaluating whether
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lysosomal dysfunction is reversible; if not, as in the presence of
a genetic mutation in lysosomal genes, interventions to alleviate
accumulation of autophagosomes through suppression of autoph-
agy should be developed.

Critical involvement of YAP in LSD. We here show that YAP
plays an essential role in mediating cardiac hypertrophy and LV
dysfunction in RagA/B cKO mice. We have shown previously that
persistent activation of YAP due to genetic deletion of WW45 or
high-fat diet consumption promotes dedifferentiation of CMs,
thereby exacerbating cardiac dysfunction, in the presence of pres-
sure overload (17, 18). Although we observed that activation of YAP
in RagA/B cKO mice is accompanied by CM dedifferentiation,
including upregulation of phospho-histone H3-, p-MHC-, and
a-SM actin-positive myocytes, given that systolic LV pressure was
not elevated, it is unlikely that myocyte dedifferentiation alone is
responsible for the drastic cardiac phenotype, including systolic
dysfunction, observed in RagA/B cKO mice. TEAD, upregulation
of which promotes YAP-induced CM dedifferentiation during
pressure overload, is not significantly upregulated in RagA/B
cKO mice. On the other hand, accumulation of autophagosomes
was observed in RagA/B cKO mouse hearts, and interventions
to increase or decrease autophagosomes exacerbated or alleviat-
ed, respectively, the cardiac phenotype in RagA/B cKO mice. We
found that YAP promotes autophagy, particularly in the presence
of lysosome inhibition, through binding to and stimulation of
TFEB. Thus, we propose that YAP promotes cardiac hypertrophy
and LV dysfunction by stimulating accumulation of autophago-
somes in RagA/B cKO mice. Many forms of LSD are accompanied
by cardiac hypertrophy. Since YAP is degraded through autophagy
and autophagy is commonly inhibited in LSD, YAP may be a com-
mon driver of cardiac hypertrophy in LSD.

Autophagy promotes cell death in RagA/B cKO mice. Increasing
lines of evidence suggest that autophagy induces multiple forms of
cell death (35). Although the molecular mechanism through which
excessive autophagy induces cell death is not fully understood,
autophagic cell death is often not mediated through massive deg-
radation in lysosomes. Excessive autophagy can kill cells even in
the complete absence of lysosomal degradation, and inhibition of
autophagosome accumulation plays a cytoprotective role through
inhibition of apoptosis (27, 28). Since cellular materials used for
the generation of autophagosomes cannot be recycled when lyso-
somal degradation does not take place, cellular sources of auto-
phagosomes, including both ER and mitochondrial membranes,
are depleted, thereby inducing cellular dysfunction. We have
shown recently that myocardial ischemia/reperfusion induces
massive accumulation of autophagosomes and autosis, a unique
form of autophagic cell death characterized by the presence of
perinuclear space, in CMs (30). Although we have conducted an
extensive search for the morphological features of autosis in CMs
using electron microscopy (36), thus far we have only been able to
identify accumulation of autophagosomes, rather than a complete
signature of autotic cell death, in RagA/B cKO mice. We speculate
that more severe indexes of autosis, including perinuclear space,
may be less obvious in RagA/B cKO mice than in the ischemia/
reperfusion model due to the chronic development of cardiomy-
opathy (30). We here show that CM death induced by downregula-
tion of RagA/B is autophagy dependent, but occurs through apop-
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tosis, necrosis, or necroptosis. Further investigation is needed to
clarify how accumulation of autophagosomes leads to CM death
in RagA/B cKO mice.

YAP promotes autophagosome formation through TFEB without
restoring lysosomal pH in RagA/B cKO mice. YAP is found within the
autophagic cargo, and it accumulates when autophagy is inhibit-
ed in MEF cells, such as in the presence of CQ (22). Consistently,
we found that YAP is accumulated when autophagy is inhibited
in CMs. Since YAP interacts with p62/SQSTMI, a protein that
interacts with LC3 through a short hydrophobic LC3-interacting
region (37), it is likely that YAP is targeted for degradation through
selective autophagy. Since YAP promotes autophagosome forma-
tion under our experimental conditions, accumulation of YAP may
be part of a feedback mechanism intended to alleviate the block
of autophagy. We show that YAP physically interacts with TFEB
in the nucleus in RagA/B cKO hearts and positively regulates the
transcriptional activity of TFEB, which would stimulate transcrip-
tion of genes involved in autophagy and lysosome biogenesis (38).
We have shown previously that TFEB is activated in RagA/B mKO
mice (12). Here, we show that knockdown of RagA/B in cultured
CMs induces nuclear translocation of TFEB in a cell-autonomous
manner. Since TFEB is anchored at lysosomes through RagA/B
under nutrient-rich conditions, it can be released and translo-
cated to the nucleus in the absence of RagA/B (39). This allows
YAP/TFEB interaction to stimulate the activity of TFEB. Impor-
tantly, however, YAP failed to normalize the elevated lysosomal
pH caused by downregulation of RagA/B. This, then, creates a
condition in which autophagosomes accumulate in the absence
of degradation by lysosomes. In fact, TAT-beclin 1, a peptide that
efficiently promotes autophagosome formation by mobilizing
endogenous beclin 1 (31), exacerbated cardiomyopathy in RagA/B
cKO mice, mimicking the effect of YAP. Since the cell death-pro-
moting effect of RagA/B downregulation in cultured CMs was
alleviated in the presence of TFEB knock-down, YAP-mediated
stimulation of TFEB appears to make a substantial contribution to
the overall effect of RagA/B downregulation in CMs.

A therapeutic approach for hypertrophic cardiomyopathy caused
by LSD. Recent studies have suggested that activation of TFEB is
a viable therapeutic option for LSDs, increasing autophagosome
processing and consequently improving protein and organelle
quality-control mechanisms (32, 40). The fact that TFEB is a mas-
ter regulator of lysosomal biogenesis provides this approach with
a strong rationale. However, although stimulation of TFEB may
improve lysosomal biogenesis, lysosomal dysfunction caused by
genetic mutations, such as those found in LSD, may not necessar-
ily be reversible, and attempts to promote autophagosome forma-
tion without concomitant upregulation of lysosomal function may
induce excessive accumulation of autophagosomes. In fact, a loss
of RagA/B function caused by downregulation of the tumor sup-
pressor folliculin in mice induces dysregulated activation of TFE3,
thereby leading to excessive glucogenesis and LSD-like phagocyte
activation (41). Thus, caution should be exercised when autoph-
agy is targeted, and attempts to normalize the balance between
autophagosome formation and degradation should be considered.
We here propose that interrupting YAP function as a cofactor of
TFEB is an effective modality for preventing excessive accumula-
tion of autophagosomes in a subset of LSDs.
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Methods

Mouse models. RagA/B floxed mice were previously described (12). To
generate RagA/B cKO mice, we crossed transgenic mice harboring the
floxed RagA/B allele with Myh6-Crerecombinase transgenic mice. Yap
cKO and atg7 cKO mice have been described previously (15, 42). All
genetically altered mice were generated on a C57BL/6 background.

Human heart samples. Myocardial biopsy specimens were obtained
from cardiomyopathy patients at Tohoku University Hospital. Diagno-
sis of Fabry disease was determined by a-galactosidase A mutation
analysis or abnormally low activity of a-galactosidase A. Biopsy sam-
ples were fixed with 10% paraformaldehyde in phosphate-buffered
saline (pH 7.4), paraffin embedded, and sectioned. Immunostaining
was conducted using biopsy specimens from patients with and without
Fabry disease. Control specimens were obtained from patients with-
out Fabry disease, but with cardiomyopathy, such as dilated cardiomy-
opathy or ischemic cardiomyopathy, who were matched by age, sex,
and body mass index (Supplemental Table 1).

Primary culture of neonatal rat CMs. Primary cultures of CMs were
prepared from 1-day-old Charles River Laboratories (Crl)/Wistar
Institute (WI) BR-Wistar rats (Envigo as described previously) (43). A
CM-rich fraction was obtained by centrifugation through a discontin-
uous Percoll gradient.

Echocardiography. Echocardiography was performed as described
previously with a 13 MHz linear ultrasound transducer (17). Two-di-
mensional guided M-mode measurements of LV internal diameter
were obtained from at least 3 beats and then averaged. LVEDD was
measured at the time of the apparent maximal LV diastolic dimension,
and LV end-systolic dimension (LVESD) was measured at the time of
the most anterior systolic excursion of the posterior wall.

Real-time quantitative PCR. Total RNA was extracted from mouse
hearts using the RNeasy Plus Universal Kit (QIAGEN). Total RNA was
converted to cDNA using PrimeScript RT Master Mix (Takara). Quan-
titative real-time PCR was performed using the CFX 96 Real-Time
PCR Detection System (Bio-Rad). The Ct value determined by CFX
Manager Software (version 2.0, Bio-Rad) for all samples was normal-
ized to housekeeping gene Gapdh, and the relative fold change was
computed by the comparative Ct (AACt) method.

Histological analysis. The heart was isolated, fixed with 4% phos-
phate-buffered paraformaldehyde, embedded in paraffin, and cut into
10 pm thick sections. Serial sections of the heart were stained with
wheat germ agglutinin (WGA) for analysis of CM CSA and Picrosirius
red for analysis of the myocardial fibrosis area. CSA was obtained by
tracing the outlines of 100-200 CMs with a clear image of the nucleus
from the LV per experiment. These analyses were performed by fluores-
cence microscopy (Eclipse E800, Nikon) and Image] Software (NIH).

Immunohistochemistry. Mouse hearts were immersed in 4%
phosphate-buffered paraformaldehyde for 24 hours at 4°C and then
immersed in sucrose solution. Also, heart samples were embedded in
OCT (Tissue-Tek; Miles Inc). Finally, snap-frozen cross sections (10
um) were prepared. Neonatal CMs were cultured on coverslips and
fixed in 4% phosphate-buffered paraformaldehyde. For immunoflu-
orescence staining, an overnight incubation with specific antibodies
was followed by 2 hours of incubation with secondary antibody conju-
gated with Alexa Fluor 488, 555, 594, or 647 dye (Life Technologies).
Samples were washed and mounted on glass slides with a reagent
containing DAPI (VECTASHIELD; Vector Laboratories). Cells were
observed under a fluorescence microscope (Eclipse E00, Nikon).
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PLAs. Neonatal CMs treated with shRNA were fixed, permeabilized,
and blocked as previously described (44). Incubation with primary anti-
bodies (rabbit TFEB [Proteintech, catalog 13372-1-AP] and mouse YAP
[Cell Signaling Technology, catalog 12395] in blocking solution) was per-
formed at room temperature for 2 hours. Cells were washed 3 times for
5 minutes in PBS plus 0.1% Tween 20. The protein-protein interaction
between TFEB and YAP was detected with secondary proximity probes
(Rabbit-PLUS and Mouse-MINUS) (Olink Biosciences AB). The sec-
ondary proximity probes were incubated for 1 hour at 37°C. Cells were
washed once for 5 minutes in 10 mM Tris-HCl (pH 7.5) plus 0.1% Tween
20 at 37°C, then twice for 5 minutes in PBS plus 0.1% Tween 20. All sub-
sequent steps were performed according to the Duolink Proximity Liga-
tion Assay Detection Kit protocol (Olink Biosciences AB).

Evaluation of apoptosis. DNA fragmentation was detected in cardi-
ac myocytes using TUNEL as described previously (45). Nuclear den-
sity was determined by counting DAPI-stained nuclei in 20 different
fields for each sample.

Evaluation of autophagy. Autophagy activity was evaluated by mea-
suring LC3 conversion using Western blotting or by counting LC3 puncta
using an mRFP-GFP-LC3 (Tf-LC3, where Tf indicates tandem fluores-
cence) assay as described previously (46). In the mRFP-GFP-LC3 assay,
the probe expresses both GFP and mRFP-LC3. Low pH, such as inside
the lysosome, quenches the fluorescent signal of GFP, but mRFP exhib-
its more stable fluorescence in the acidic lysosome. Therefore, autopha-
gosomes and autolysosomes are labeled with mRFP/GFP double-posi-
tive (yellow) and mRFP single-positive (red) signals, respectively. CMs
cultured on coverslips were transduced with Ad-Tf-LC3 for 48 hours,
washed with PBS, and fixed with 4% paraformaldehyde in PBS. Fixed
cells were mounted with DAPI-Containing Mounting Solution (VECTA-
SHIELD, Vector Laboratories).

Detection of mitophagy. Mitophagy in neonatal CMs was detected
with the Mitophagy Detection Kit (MD01-10, Dojindo Molecular Tech-
nologies) according to the manufacturer’s instructions. Briefly, neona-
tal CMs were treated with 100 nM MtPhagy Dye in serum-free DMEM
for 30 minutes at 37°C. After washing, CMs were incubated with CM
culture media or treated with 5 uM of TAT-beclin 1 for 2 hours. Then,
CMs were washed with serum-free DMEM and incubated with 1 pM
Lyso Dye for 30 minutes at 37°C. Live CMs were observed by Nikon
A1RSI confocal microscopy.

Immunoblots, antibodies, and reagents. The following commercial
primary antibodies were used: YAP (Cell Signaling Technology, catalog
14074 and catalog 12395), cathepsin D (Santa Cruz Biotechnology Inc.,
catalog sc377299), LC3 (MBL, catalog M186-3), p62/SQSTM1 (ORI-
GENE, catalog TA307334), Atg5 (Cell Signaling Technology, catalog
12994), Atg7 (Cell Signaling Technology, catalog 8558), RagA (Cell Sig-
naling Technology, catalog 4357), RagB (Proteintech, catalog 13023-1-
AP), GAPDH (Cell Signaling Technology, catalog 2118S), Histone H3
(Cell Signaling Technology, catalog 9717), cleaved caspase-3 (Cell Signal-
ing Technology, catalog 9664), MYH7 (MilliporeSigma, catalog M8421),
ACTA2 (MilliporeSigma, catalog A5228), TFEB (Proteintech, catalog
13372-1-AP), HMGBI1 (abcam, ab18256), Mst1 (BD Transduction Labo-
ratories, catalog 611052), phospho-MST1 (Thr183)/MST2 (Thr180) (Cell
Signaling, catalog 3681), and a-tubulin (MilliporeSigma, catalog T6199).
See complete unedited blots in the supplemental material.

Nuclear complex coimmunoprecipitation. Nuclear complex coimmuno-
precipitation was performed using the Nuclear Complex Co-IP Kit (Active
motif, catalog 54001) according to the manufacturer’s instructions.
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Transfection and luciferase assays. Luciferase assays were per-
formed as described previously (21). Briefly, cultured CMs were trans-
fected using FuGENE 6 transfection reagent (Roche) according to the
manufacturer’s instructions. HEXA luciferase reporter genes were
gifts from Lorena Urbanelli (University of Perugia, Perugia, Italy)
(33). Forty-eight hours after transfection, cells were lysed with Passive
Lysis Buffer (Promega), and the transcriptional activity was measured
using the luciferase assay system (Promega) with an OPTOCOMP I
luminometer (MGM instruments).

RNA interference. For siRNA interference, cells were transfected
with Lipofectamine RNAi MAX (Thermo Fisher Scientific) and cul-
tured for 60 hours before analysis. siRNA oligos were purchased from
the Dharmacon ON-TARGETplus SMARTpool.

ChIP assays. ChIP assay was performed using the SimpleChIP
Plus Enzymatic Chromatin IP Kit (Cell Signaling Technology, catalog
9005) according to the manufacturer’s instructions. Briefly, cultured
cardiac myocytes were fixed using 1% formaldehyde for 10 minutes.
Cells were then washed with 1x PBS, and glycine was added to stop
the crosslinking reaction. Then, cells were scraped, nuclei were iso-
lated and lysed, and sheared chromatin was isolated after sonica-
tion. Immunoprecipitation reactions were carried out with chromatin
extracts overnight at 4°C. ChIP samples were analyzed by PCR.

Cell viability assays. The cell viability assay was performed as
described previously (45, 47). Briefly, CM viability was measured by Cell-
Titer-Blue assay (Promega) according to the manufacturer’s protocol.

Lysosomal pH measurement. Cells grown on 6-well plates were
incubated with 30 ng/ml Oregon Green 514-conjugated dextran over-
night. The following day, cells were incubated in serum-free medium
for 1 hour and then collected by trypsinization. Cells were resuspend-
ed in 200 ul of HBSS. The fluorescence of samples was measured at
530 nm by excitation at 440 nm and 490 nm at 30-second intervals
for 10 minutes using a 96-well plate reader (Infinite M200, TECAN).
The average of collected values was interpolated to a pH calibration
curve that was plotted using control cell aliquots in nigericin-contain-
ing (10 pg/ml) buffered isotonic solutions (pH 3-7).

Verteporfin treatment. Verteporfin was purchased from Milli-
poreSigma (SML0534) and dissolved in DMSO (100 mg/ml). A work-
ing solution was prepared at 10 mg/ml in PBS before use. Mice at 8
weeks of age were administered verteporfin or vehicle solution i.p. at
a dose of 100 mg/kg every other day for 10 days (22). All mice were
sacrificed and analyzed at 12 weeks old.

Statistics. Data are presented either as bar graphs showing mean *
SEM or as box plots, showing the median (center line) and interquartile
range (IQR). Whiskers represent minima and maxima within 1.5 IQR, as
indicated. Sample sizes were determined on the basis of our previous stud-
ies (17) or using standard power analysis (statistical power = 0.8 and a <
0.05). Indicated sample size (in figure legends) always refers to biological
replicates (independent animals). No data were excluded from statistical
analyses. Unless otherwise stated, statistical testing was performed using
statistical analysis software (Excel Tokei 2015, Social Survey Research
Information Co.). Student’s ¢ test (paired or unpaired, as appropriate, 2
tailed) and 1-way ANOVA followed by Tukey’s honest significant dif-
ference tests were used for comparisons between 2 or multiple groups,
respectively. Survival curves were analyzed by the Kaplan-Meier log-rank
(Mantel-Cox) test. P< 0.05 was considered to be statistically significant.

Study approval. All experiments involving animals were approved
by the Rutgers New Jersey Medical School’s Institutional Animal
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Care and Use Committee. The study with human heart samples was
approved by the Ethics Committee of Tohoku University Graduate
School of Medicine. All patients provided written consent for the use
of their heart tissues for research.
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