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Lysosomal storage disorders (LSD) are a group of inherited metabolic diseases characterized by lysosomal enzyme
deficiency. The cardiac phenotype includes cardiomyopathy with eventual heart failure. Lysosome-mediated degradation
processes, such as autophagy, maintain cellular homeostasis by discarding cellular debris and damaged organelles.
Under stress, the transcription factor EB (TFEB) moves into the nucleus to activate transcription of lysosome biogenesis
and autophagic proteins. In this issue of the JCI, Ikeda et al. report on their exploration of the signaling pathway involved
with regulating lysosomal proteins specifically in the heart. The researchers generated a mouse model for LSD that was
restricted to cardiac tissue. Unexpectedly, modulation of TFEB alone was insufficient to fully rescue the underlying
clearance defect in lysosomal-associated disorders. The authors identified the Yes-associated protein (YAP)/TFEB
signaling pathway as a key regulator of autophagosomes. These findings suggest that undigested autophagosomes
accumulate and result in the cell death and cardiac dysfunction observed with LSD.
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Regulating quality-control 
mechanisms
Lysosomes are membrane-bound organelles 
that contain acid-rich hydrolases that digest 
damaged biomolecules, oxidized proteins, 
and lipids and therefore play a pivotal role 
in maintaining cellular hemostasis. Lyso-
some-mediated degradation processes, such 
as autophagy, are essential quality-control 
mechanisms that discard cellular debris and 
damaged organelles, such as mitochondria, 
from the cell. For example, autophagosomal 
cargo destined for clearance is rapidly hydro-
lyzed upon fusion of the matured autopha-
gosome with lysosomes (1).

The transcription factor EB (TFEB) is 
a master regulator of lysosome biogene-
sis and autophagic proteins. Under basal 

conditions, TFEB is localized in the cyto-
sol; however, under stress conditions, 
TFEB translocates to the nucleus where it 
activates transcription of genes encoding 
lysosomal hydrolases, proteins involved 
in lysosome biogenesis, and several auto-
phagic factors (2). Notably, defects in lyso-
somal-regulated TFEB activity have detri-
mental effects on many cellular processes. 
Specifically, lysosomal dysfunction caused 
by proteotoxic stress and impaired protein 
clearance is highly correlated with cardi-
ac dysfunction following ischemia-reper-
fusion (I/R) and end-stage heart failure. 
During I/R, the liberation of cellular debris 
and accumulation of oxidized proteins 
from tissue necrosis is a major underlying 
cause of contractile failure. However, over-

expression of TFEB in postischemic car-
diomyocytes promoted cell survival and 
decreased myocardial infarct size, pre-
sumably by restoring autophagy-lysosome 
clearance of cellular debris (3). These find-
ings demonstrate the importance of TFEB 
as a crucial regulator of the lysosome- 
mediated quality-control mechanism for 
protecting cardiac myocytes against pro-
teotoxic stress and accumulation of cellu-
lar debris during I/R.

Consistent with this notion, lysosom-
al storage disorders (LSD) are a group of 
inherited metabolic diseases character-
ized by a deficiency in lysosomal enzymes 
and accumulation of aggregated proteins 
and damaged organelles. The cardiac 
phenotype of LSD includes hypertrophic 
and dilated cardiomyopathy, coronary 
artery disorders, and valvular defects 
that eventually manifest as heart failure 
(4). A recent study showed that overex-
pression of TFEB in myotubes and mus-
cle fibers in Pompe disease, a subtype of 
LSD, increased the formation and clear-
ance of autophagolysosomes by enhanc-
ing lysosomal and cell-membrane fusion 
(5). Accordingly, the functional resto-
ration of TFEB abrogated the inherent 
lysosomal clearance in these myotubes 
by increasing lysosome biogenesis and 
lysosomal-autophagosomal fusion. These 
findings support the concept that reacti-
vating lysosomal activity through gain of 
function of TFEB activity could potential-
ly rescue the autophagy clearance defect 
in individuals with LSD.

Contradicting the TFEB rescue 
paradigm
Remarkably, however, in this issue of the 
JCI, Ikeda et al. (6) contradict the paradigm 
that TFEB rescues autophagy defects and 
suggest that modulation of TFEB alone is 
insufficient to fully rescue the underlying 
clearance defect in lysosomal-associated 
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Lysosomal storage disorders (LSD) are a group of inherited metabolic 
diseases characterized by lysosomal enzyme deficiency. The cardiac 
phenotype includes cardiomyopathy with eventual heart failure. Lysosome-
mediated degradation processes, such as autophagy, maintain cellular 
homeostasis by discarding cellular debris and damaged organelles. Under 
stress, the transcription factor EB (TFEB) moves into the nucleus to activate 
transcription of lysosome biogenesis and autophagic proteins. In this issue 
of the JCI, Ikeda et al. report on their exploration of the signaling pathway 
involved with regulating lysosomal proteins specifically in the heart. The 
researchers generated a mouse model for LSD that was restricted to cardiac 
tissue. Unexpectedly, modulation of TFEB alone was insufficient to fully 
rescue the underlying clearance defect in lysosomal-associated disorders. 
The authors identified the Yes-associated protein (YAP)/TFEB signaling 
pathway as a key regulator of autophagosomes. These findings suggest that 
undigested autophagosomes accumulate and result in the cell death and 
cardiac dysfunction observed with LSD.
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gosomes in response to YAP activation, 
occurred in the presence of bafilomycin, 
an autophagy flux inhibitor that inhibits 
lysosome acidification and autophago-
some-lysosome fusion.

The accumulation of autophagosomes 
in response to YAP activation in the RagA/B 
cKO mice resulted in a corresponding 
increase in cardiac cell death from the acti-
vation of apoptotic and necrotic death pro-
grams. This finding prompted the authors 
to investigate whether normalization of 
YAP activity would rescue lysosomal dys-
function and cell death in Rag A/B–defi-
cient cardiac myocytes. Using reciprocal 
approaches to either up or downregulate 
YAP expression, the authors surprisingly 
found that neither gain nor loss of YAP func-
tion had any effect on lysosomal acidifica-
tion, indicating YAP does not directly influ-
ence lysosome function. These results were 
consistent with the fact that YAP increased 
LC3II levels, indicative of autophagy activa-
tion, without affecting lysosome function in 
RagA/BcKO cardiomyocytes (6).

Recapitulating the detrimental 
effects of YAP
Based on the YAP-expression findings, the 
authors realized that YAP alone could not 
be the sole driver of lysosomal function and 
next investigated the mechanism by which 
YAP affects autophagosome formation (6). 
The rationale for their next experiment was 
based on a previous work that showed loss 
of function of RagA and RagB in cardiomy-
ocytes resulted in development of hypertro-
phic cardiomyopathy, a finding consistent 
with the heart hypertrophy in LSD with 
constitutive TFEB activation (11). Follow-
ing the TFEB line, Ikeda et al. (6) tested to 
determine whether TFEB is responsible for 
mediating YAP-regulated cardiomyocyte 
death and autophagosomal dysfunction in 
the RagA/B cKO hearts. Indeed, in vitro 
analysis of cardiomyocytes transduced 
with or without Ad-sh-RagA/B revealed 
that while both YAP and TFEB translocated 
into the nucleus, YAP unexpectedly formed 
protein complexes with TFEB following 
RagA/B knockdown. These finding suggest 
that interaction of YAP with TFEB activates 
TEFB-dependent transcription, resulting 
in the accumulation of autophagosome de 
novo in the absence of effective lysosomal 
clearance, leading to cardiac myocyte death. 
This conclusion was further supported by 

Notably, the authors found that in this 
mouse model, the Yes-associated protein 
(YAP), a transcription cofactor and a major 
effector of the Hippo-signaling pathway, 
was highly expressed in the hearts (6). The 
Hippo/YAP signaling pathway is an evo-
lutionary conserved pathway involved in 
regulating organ size, growth, and apop-
tosis (8). Consistently, YAP not only has 
been shown to influence aberrant growth 
and cell proliferation linked to tumorigen-
esis, but has also been implicated in tissue 
repair, fibrosis, and heart hypertrophy 
(9, 10). In the current study, constitutive 
YAP activation in the RagA/B cKO mice 
coincided with excessive accumulation of 
autophagosomes, dedifferentiation of the 
cardiac phenotype, and contractile dys-
function. The accumulation of autopha-

disorders. In fact, according to the study by 
Ikeda et al. (6), defects in lysosomal func-
tion caused by genetic mutations, such as 
those found in LSD, require not only efforts 
to enhance autophagosome formation by 
TFEB, but also the simultaneous upregula-
tion of lysosomal function to ensure that the 
newly formed autophagosomes are effec-
tively cleared from the cell.

In order to validate this hypothesis, Ike-
da et al. (6) used a cardiac-specific RagA/B 
cKO mouse model of LSD, in which lyso-
somal dysfunction induces cardiomyopa-
thy. Notably, RagA and RagB are GTPases 
found on the lysosome outer membrane 
that are critical for the docking and fusion 
of autophagosome membrane with lyso-
somal membranes, a step necessary for 
hydrolysis of the autophagosomal cargo (7).

Figure 1. Model for autophagy and lysosomal degradation in the regulation of LSD. During knock-
down of RagA/B, YAP interacts with TFEB, causing accumulation of autophagosomes, decreased 
cardiac function, and enhanced cell death.
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different approach for treating LSD is war-
ranted, it remains to be determined why 
previous studies in which TFEB-mediated 
autophagy was enhanced were shown to be 
effective in LSD.

Additional studies are needed to 
address the interplay between the Hippo/
YAP pathway and TFEB in other cell pro-
cesses, such as cell growth, proliferation, 
and fibrosis. Further studies should also 
determine whether targeted therapies that 
selectively modulate YAP/TFEB activity 
will be viable therapeutic options for mit-
igating other disease entities involving 
Hippo/YAP beyond LSD. For example, 
while autophagy activation following I/R 
can reportedly be protective or detrimen-
tal, the accumulation of autophagosomes 
from impaired autophagosome and lyso-
some degradation has been associated 
with cardiac dysfunction and heart failure. 
Notably, cardiac deficiency from deletion 
of the mitochondrial dynamic protein 
mitofusion 2 (MFN2) was shown to impair 
clearance of damaged mitochondria and 
resulted in the accumulation of undigest-
ed autophagosomes from impaired auto-
phagosome-lysosomal fusion (16, 17). 
These findings highlight the importance of 
MFN2 as a critical regulator of autophago-
some-lysosome clearance. Whether MFN2 
or other cellular proteins such as Rabs or 
SNAREs that are involved in tethering of 
autophagosomes with lysosomes are influ-
enced by YAP signaling in LSD remains to 
be determined.

Nevertheless, the conclusion drawn 
from the present study highlights the com-
plexity of cellular quality control mecha-
nisms involving autophagy and lysosomal 
storage diseases. Hence, interventions 
designed to enhance cellular clearance 
pathways will likely need to target more 
than one pathway to ensure effective 
removal of cellular debris without impair-
ing cell viability or organ dysfunction. 
Since autophagy plays an important role 
in the pathogenesis of LSD, further stud-
ies are needed to resolve the interplay 
between autophagy regulation and cardiac 
dysfunction in LSD.

Acknowledgments
This work was supported by a foundation 
grant to LAK from the Canadian Institute 
for Health Research (CIHR) and St. Boni-
face Hospital Research Foundation. LAK 

the finding that TAT–Beclin 1, which activat-
ed autophagy, exacerbated cardiomyopathy 
in the RagA/B cKO mice — recapitulating 
the detrimental effects of YAP (6).

There is growing evidence that accu-
mulation of autophagosomes without 
concurrent autophagic clearance is toxic 
to cardiac myocytes and activates multi-
ple forms of programmed cell death (12–
14). To validate this notion, the authors 
supressed autophagy by knocking down 
Atg7 in cardiac myocytes in conjunc-
tion with sh-RagA/B. Interestingly, Atg7 
knockdown not only decreased the num-
ber of autophagosomes, but also supressed 
cardiac myocyte cell death. Furthermore, 
when RagA/B cKO mice were crossed 
with Atg7 heterozygous cKO mice, cardiac 
hypertrophy and LV dysfunction normal-
ized. In contrast, however, cardiac dys-
function in RagA/B cKO mice following 
autophagy activation with TAT–Beclin 1 
exacerbated cardiac injury. The combi-
nation of TAT–Beclin 1 along bafilomy-
cin increased cardiac myocyte size, while 
enhancing accumulation of autophago-
somes, supporting the view that defective 
lysosomal clearance resulting in autopha-
gosome accumulation promotes maladap-
tive cardiac growth and hypertrophy (6).

Clinical implications
The study by Ikeda et al. (6) strongly sug-
gests that autophagy and lysosomal degra-
dation play a pivotal role in the regulation of 
LSD. The authors identified the YAP/TFEB 
signaling pathway as a key regulator of 
autophagosomes such that lysosome clear-
ance with the accumulation of undigested 
autophagosomes underlies cell death and 
cardiac dysfunction in LSD (Figure 1). Pri-
or to this study, stimulation of lysosomal 
biogenesis with TFEB or other means was 
viewed as the most reasonable treatment 
for cardiac disorders associated with lyso-
somal dysfunction, such as LSD. However, 
Ikeda et al. (6) contravene this dogma and 
suggests instead that increasing autopha-
gosome biogenesis in the absence of simul-
taneous activation of lysosomal clearance 
pathways exacerbates cardiac dysfunc-
tion from the accumulation of undigested 
autophagosomes. It is noteworthy that 
many of the in vivo models developed for 
LSD over the past 25 years (15) fail to fully 
recapitulate human LSD disease. There-
fore, although the current study suggests a 
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