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 The lysosomal storage diseases (LSDs) describe a heter-
ogenous family of rare inherited diseases caused by mu-
tations in lysosomal proteins and are characterized by 
accumulation of macromolecules or monomeric com-
pounds inside organelles of the endo-lysosomal system 
( 1–3 ). The LSDs present complex disease phenotypes with 
the mechanisms leading to pathology being poorly under-
stood, as the disease and extent of pathology seem to de-
pend on the spatiotemporal accumulation of substrates 
which have a variety of downstream effects depending on 
their cellular and physiological context (  Table 1  ).  It is 
thus diffi cult to generalize for the LSDs, but as the origin 
of the diseases in all cases is a genetic lesion, which most 
often causes a misfolded dysfunctional protein, the cellu-
lar processes and responses related to misfolded proteins 
have to be considered as an integral part of the etiology of 
any of the diseases. Thus, the shared mechanistic principle 
of disturbed protein homeostasis and the fact that many 
LSDs also show an overlap of potentially toxic storage 
compounds might explain why the LSDs, despite their 
various monogenetic origins, share a number of cellular 
and clinical manifestations including perturbed lysosomal 
traffi cking and autophagy, increased oxidative stress, impaired 
calcium homeostasis, loss of lysosomal stability, increased 
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endoplasmic reticulum (ER)-stress responses, and cell 
death (  Fig. 1  ) ( 4–7 ).  

 The key functions of the heat shock response (HSR), and 
in particular the heat shock protein (HSP)70 family, include 
assisting in the sorting and folding of newly synthesized and 
damaged proteins, binding of nonnative proteins to prevent 
protein aggregation, and targeting of severely damaged pro-
teins for degradation ( 8–10 ). In close collaboration with the 
ubiquitin proteasome system, chaperone-mediated autoph-
agy (CMA), and other processes for proper handling of mis-
folded proteins, the HSP system constitutes the central 
element of cellular protein quality control and homeostasis 
(proteostasis  ). Furthermore, HSP70 has, on its own, been 
shown to promote cell survival by inhibiting lysosomal mem-
brane permeabilization (LMP), increasing lysosomal catabo-
lism, and preventing cell death and a number of other events 
associated with stress-induced cell death ( 11–14 ). As such, 
many of the primary and secondary cellular processes of 
LSDs are potentially infl uenced by the HSR and the molecu-
lar chaperones of the HSP70 family, providing a remarkable 
convergence between the pathogenic cascades of the LSDs 
and the well-characterized multifaceted cytoprotective ac-
tions of the HSR ( Fig. 1 ). 

 The following sections will aim to break down these cel-
lular events into their major constituents with a focus on 
processes where the HSR and HSP70 are considered to 
have a potential therapeutic relevance, including the ini-
tial events of enzyme misfolding, ER stress, and unfolded 
protein responses (UPRs), as well as the processes of sub-
strate accumulation, LMP, increased oxidative stress, and 
cell death ( Fig. 1 ). 

 CELLULAR PROCESSES IN LSDs 

 Proteostasis 
 As missense mutations are the most common type of mu-

tations found in LSDs, the salvage of misfolded enzymes 

  Fig. 1.  Potential cellular pathological events in LSDs and their con-
vergence with the protective capacity of the HSR and HSP70. The 
fi gure illustrates a hypothetical interplay of events ultimately leading 
to the degenerative pathology associated with LSDs. In case of events 
where the HSR and/or HSP70 has been shown to have a cell-guarding 
impact the fonts are in bold green. The illustrated processes have 
been observed in a number of LSDs but are not necessarily a com-
mon denominator to all. Please refer to the text for details.   

 TABLE 1. Common metabolites accumulating in various LSDs and 
their potential cellular impact    

Storage Cellular Impact Reference

GT1b Neurotoxicity (mediated by 
Akt/GSK-3/tau)

( 136 )

Neuronal cell death (in vivo) ( 137 )
Regulation of myelin ( 138 )
Apoptosis ( 139 )

GD1b Anti-apoptotic ( 140 )
GD1a Regulation of myelin ( 138 )

Enhance GM-CSF induced 
proliferation of monocytes

( 141 )

GM1a/GM1b UPR ( 142 )
MMP, apoptosis, and ROS 

generation
( 143 )

Inhibits SERCA activity ( 144, 145 )
Stimulates neurite outgrowth ( 146 )
Regulates nuclear calcium and 

displays a cytoprotective role
( 147 )

Positive role in induction of long 
term potentiation

( 148 )

GM2 Inhibits calcium uptake via 
SERCA, alters calcium homeostasis

( 119, 149 )

Apoptosis ( 139 )
Survival of motor neurons ( 150, 151 )
ROS generation ( 78 )

GM3 Neuronal cell death and ROS 
generation

( 152 )

Apoptosis ( 139 )
Anti-apoptotic effect on cortical 

neurons
( 153 )

Enhance neurite outgrowth ( 154, 155 )
GD2 Alters calcium homeostasis of neurons ( 149 )
GD3 Cell death and ROS generation ( 156, 157 )

Apoptosis in oligodendrocytes ( 158 )
MMP and neuronal apoptosis ( 159 )
Enhance neurite outgrowth ( 154 )

GQ1b Calcium infl ux ( 145 )
Enhance neurite outgrowth ( 154 )
Positive role in induction of 

long term potentiation
( 148 )

LacCer Inhibition of cholesterol effl ux ( 160 )
SM Prevents phago-lysosomal fusion ( 161 )

LMP ( 57, 59 )
Sphingosine Stimulates calcium release ( 162 )

LMP and cell death ( 84 )
Ceramide Lipid raft integrity ( 163 )

Infl ammation  ( 163 )
Stimulates NO synthase in 

neural astrocytes
( 164 )

Apoptosis ( 165 )
Autophagy ( 166 )
Programmed cell death at the 

plasma membrane
( 167 )

Increases membrane stability ( 168 )
Sulfatide Myelination ( 169–171 )
GalCer Activator of the immune system, 

anti-tumorigenic
( 172 )

Gb3 Apoptosis ( 173, 174 )
Increases ROS ( 75 )

Lyso-Gb3 Correlates with disease severity ( 175 )
Inhibits  � -Gal A activity ( 176 )
Promotes proliferation ( 176 )

Gb4 Protects from LPS toxicity ( 177 )
Cholesterol Mitochondrial membrane potential 

and ATP synthesis
( 178 )

Protect from apoptosis ( 83 )
Neurodegeneration ( 179 )
Apoptosis neuronal cells ( 180 )

Psychosine Demyelination ( 53 )
Generates ROS and induces cell death ( 107 )
Stimulates calcium release via RyaR ( 162 )
Apoptosis ( 104 )

Please refer to the text for details. MMP, mitochondrial membrane 
permeabilization.
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from the ER has been a therapeutic target for intervention 
in LSDs for more than a decade ( 6 ); although the under-
standing of how the cellular response to the misfolded ly-
sosomal proteins plays into the molecular pathology of the 
diseases is only beginning to emerge ( 7, 10, 15, 16 ). Also, 
despite the fundamental role for molecular chaperones in 
the quality control of misfolded enzymes, studies implicat-
ing and addressing the potential therapeutic role of the 
HSR and HSP70 have only recently started to be per-
formed within the LSDs; although this potential has been 
extensively investigated and is an established concept for a 
number of neurodegenerative diseases with a number of 
ongoing clinical trials ( 17–19 ). 

 The main biological response to misfolded proteins is in-
duction of molecular chaperones, a process commonly re-
ferred to as the HSR, as the best characterized trigger of 
misfolded proteins and the associated proteotoxic stress 
historically has been thermal stress  . However, cells respond 
in a similar way to most stress as exemplifi ed by the marked 
HSR elicited by the covalent modifi cation of proteins by re-
active oxygen species (ROS) ( 20 ). A molecular chaperone 
is commonly defi ned as any protein that interacts with, sta-
bilizes, or helps a nonnative protein to acquire its native 
conformation, but is not present in the fi nal functional 
structure ( 21, 22 ). Members of the molecular chaperone 
families are known as HSPs and are classifi ed according to 
their molecular weight (HSP40, HSP60, HSP70, HSP90, 
HSP100, and the small HSPs). The chaperones most exten-
sively involved in de novo protein folding and refolding, 
such as HSP70, HSP90, and HSP60 (chaperonins), are criti-
cal to the proper cellular response to misfolded proteins. 
The systems are sequentially linked with HSP70 acting up-
stream of HSP60 and HSP90. HSP70 together with heat 
shock cognate 70 (HSC70) (the constitutively expressed 
member of the HSP70 family) are central players in protein 
folding and proteostasis control, and thus constitute the 
fi rst cellular line of defense against misfolded proteins. In 
an ATP-driven process, which can be augmented by the 
presence of cochaperones and nucleotide exchange fac-
tors, HSP70 aids de novo protein folding and protein re-
folding through a process in which HSP70 binds to exposed 
hydrophobic regions of nonnative proteins, thereby tran-
siently blocking aggregation, and through the ATP-
triggered release allowing folding to proceed ( 8 ). HSP90 
functions downstream of HSP70 and is directly linked to 
HSP70 via the tetratricopeptide repeat protein HOP, which 
allows for substrate transfer between the two HSPs ( 23 ). 

 The primary objective of the HSR and HSP70 family 
members is thus to stabilize and refold misfolded proteins. 
If unable to do so, the misfolded proteins are targeted to 
the ubiquitin-proteasome system or to the lysosome. In the 
ER, accumulation of misfolded proteins is recognized by 
the ER quality machinery, dominated by the evolutionarily 
conserved ER membrane-bound stress transducer, Ire1, 
and the HSP70 family member HSPA5/BiP/Grp78, which 
ensures proper folding and oligomerization of newly 
translated proteins ( 24 ). In addition, HSPA5 is also re-
quired for the protein translocation itself and for the deg-
radation of misfolded proteins of the ER lumen ( 25, 26 ). 

Continued accumulation of incorrectly folded proteins 
leads to ER-associated degradation (ERAD) mediated by 
the proteasome and triggers the UPR, which can further 
regulate the folding capacity of the secretory pathway by 
upregulation of ER chaperones and/or by attenuating 
protein synthesis through the actions of Ire1 and the stress 
transducer membrane proteins PERK and ATF6, which in 
turn are regulated by their binding to HSPA5   ( 27 ). The 
pivotal role of the HSP70 system in recognition of un-
folded or misfolded proteins thus not only applies to the 
cytosol but also applies to the ER, while the HSP70 family 
also serves crucial proteostatic functions at the plasma 
membrane, mitochondria, and lysosomes via HSC70, 
HSPA9/Mortalin/Grp75, and HSP70 ( 8, 17, 24, 28 ). It 
therefore comes as little surprise that the control of the 
induction the HSR, and in particular HSP70 and HSP90 
genes, is a crucial cellular process. 

 The transcriptional induction of the HSR is a tightly 
regulated process in which activation of heat shock tran-
scription factors (HSFs) is a crucial step. Four different 
HSFs (HSF1–4) have been discovered in vertebrates, with 
HSF1 being considered the master regulator for the stress-
induced transcription of HSPs during most stress condi-
tions ( 29 ). Under normal physiological conditions, HSF1 
is present as a monomer associated with chaperones, 
which shifts its activation equilibrium away from its active 
trimeric state. The chaperones are displaced during con-
ditions of stress as the levels of stress-denatured proteins 
rise, as well as through a number of posttranslational mod-
ifi cations of HSF1, including phosphorylation, acetylation, 
and sumoylation, which thereby facilitates the trimeriza-
tion of HSF1 and its activation. Activated trimerized HSF1 
binds to the conserved HSP promoter known as the heat 
shock element (HSE), which promotes its transactivation 
through further interactions with a number of regulatory 
factors downstream of the HSE, ultimately leading to the 
transcription of HSPs ( 29 ). These processes hold a num-
ber of pharmaceutical targets of which the most explored 
are induction of the HSR via interference with the proteo-
static machinery, interference with the binding of HSF1 to 
its chaperones, and the stabilization of the activated form 
of HSF1, e.g., the use of the proteaseome inhibitor MG-
132 induces a dramatic HSR due to the severe interrup-
tion of the proteostatic machinery   ( 10 ). The application 
of geldanamycin and other ansamycins to inhibit HSP90 
by blocking its ATP binding site leads to disruption of the 
HSP90-HSF1 complex and induces HSF1 activation ( 30–
32 ). Likewise, hydroxylamine derivatives such as BGP-15 
and arimoclomol increase the transcription of HSPs 
through the stabilization of the active form of HSF1 ( 33 ), 
a process which potentially involves cellular membranes as 
upstream stress sensors ( 34 ). Proof-of-principle experi-
ments using these approaches have already demonstrated 
effi cacy across a number of cell and animal models of ge-
netic diseases characterized by protein misfolding and ac-
cumulation, such as amyotrophic lateral sclerosis (ALS), 
Kennedys disease, Duchenne’s muscular dystrophy, ho-
mocystinuria, Parkinson’s disease, Alzheimer’s disease, 
and poly-Q expansion disorders ( 17, 20, 33, 35–39 ). Based 
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interrupting its HSP90-mediated degradation while upreg-
ulating the molecular chaperone HSP70 and its associated 
cochaperone BCL2-associated athanogene 3 (BAG3) ( 48 ). 
These data are supported by additional studies in Gaucher’s 
disease in which reduced ubiquitination and increased sta-
bility of mutant GCase was demonstrated after treatment 
with the HSP70-inducer/HSP90-inhibitors 17- N -allylamino-
17-demethoxygeldanamycin, vorinostat, and LB-205 ( 45, 
50 ). Interestingly, the molecular mechanism of vorinostat 
and LB-205, which are both histone deacetylase inhibitors 
(HDACis), was recently clarifi ed, showing that both com-
pounds inhibit the deacetylation of the middle domain of 
HSP90, resulting in less recognition of the mutant GCase, 
and hence less degradation, while increasing the amount of 
chaperones involved in folding, such as HSPA5 ( 45 ). The 
potential, but also the challenges, of using HDACis is fur-
ther highlighted by a study of a small panel of HDACis in 
Niemann-Pick disease type C ( 44 ). This study showed 
marked effi cacy for some of the HDACis toward reduced 
cholesterol accumulation and increased cholesterol trans-
port; whereas others had a more limited effect, likely due to 
the different inhibitory constants toward individual HDACs. 
Interestingly, the data argue that inhibition of HDAC1 par-
ticularly, but also HDAC2 and HDAC3, is the likely cause of 
the effect, and as recent studies have also documented in-
duction of HSP70 and HSPA5 by inhibition of class I 
HDACs, the authors suggest that HDACi could increase pas-
sage of mutant NPC1 out of the ER via the increased chap-
erone activity; although further work will be required to 
establish the relative contributions of these two mechanisms 
in increasing NPC1 expression in mutant cells ( 44 ). Inter-
estingly, a mechanistic link between expression of molecu-
lar chaperones of the HSP70 family and HDACs is supported 
by a recent report which shows that HSF1 specifi cally inter-
acts with HDAC1 and HDAC2 to regulate gene expression 
during heat shock ( 51 ). 

 Further evidence for the benefi t of manipulating pro-
teostasis and inducing the HSR/UPR in Niemann-Pick 
type C comes from studies in Niemann-Pick type C patient 
cells in which the administration of MG-132 increased the 
expression of mutated NPC1 protein across a panel of 
NPC1 genotypes. MG-132 treatment further increased the 
association of NPC1 with the lysosomal/late endosomal 
compartment and reduced the storage of ganglioside 
GM1 and un-esterifi ed cholesterol, examples of some of 
the key metabolites that are accumulated due to the loss of 
function characterizing the disease ( 43 ). MG-132 has fur-
thermore been shown to be effective in primary patient 
cells from sialidosis (neuraminidase defi ciency). Interest-
ingly, a strong synergy was observed in this study when 
MG-132 was administered together with celastrol, a fi nd-
ing which is suggested to rely on the capacity of MG132 to 
induce a HSR/UPR on its own while the HSP inductive 
action of celastrol is signifi cantly enhanced by the proteo-
toxic stress induced by MG-132 ( 49 ). 

 In addition to the above reports, a study with the calcium-
channel blockers verapamil and diltiazem have been shown 
to restore mutant enzyme homeostasis in cells from Gaucher’s 
disease, mucopolysaccharidosis IIIA, and  � -mannosidosis 

on these promising experiments, arimoclomol is currently 
being investigated in two phase II clinical trials in sporadic 
inclusion body myositis and the superoxide dismutase 1 
form of familial ALS   ( 18, 19 ). Importantly, for the pur-
pose of this review, the potential benefi t of modulation of 
the HSR is also beginning to emerge in the LSDs. 

 While some LSDs, such as Fabry’s disease, are X-linked, 
most of the LSDs are autosomal recessive and are primar-
ily characterized by missense mutations. As described 
above, such mutations result in inappropriate folding and 
traffi cking of the mutated protein, which thereby faces the 
chaperone-involving processes described above. Indeed, 
for Gaucher’s disease, it has been suggested that ER reten-
tion and degradation of glucosylceramidase (GCase) is the 
molecular basis underlying disease heterogeneity ( 40 ). In 
accordance with this, if the missense mutation compro-
mises the enzyme to an extent where it cannot be correctly 
folded through the aid of ER-resident molecular chaper-
ones, this leads to the loss-of-protein function which is 
characteristic of the LSDs ( 7 ) and forms the biological ra-
tionale for the enzyme replacement therapies in which the 
functional output of the defect enzyme is augmented by 
the addition of exogenously administered recombinant 
enzyme ( 41 ). Apart from the enzyme replacement thera-
pies, other intervention strategies are also being re-
searched at this crucial junction. These strategies seek to 
augment the refolding capacity of the ER, i.e., increase the 
levels of molecular chaperones or use chemical entities as 
so-called chemical chaperones to facilitate folding of the 
otherwise misfolded enzymes. The former approach relies 
on the cells’ inherent systems to overcome the ERAD re-
sponse, whereas the latter relies on a seemingly counter-
intuitive mechanism in which the chemical chaperone 
actually works as an inhibitor, binding to the active site of 
the enzyme and thereby aiding folding in the ER after 
which the inhibitor needs to dissociate to make room for 
the natural substrate once the enzyme/inhibitor complex 
reaches the lysosome ( 6, 42 ). 

 As mentioned above, the potential benefi t of modulation 
of the HSR is now emerging in the LSD fi eld with the re-
porting of a number of studies of this approach in geneti-
cally distinct diseases such as Gaucher’s disease, Tay-Sach’s 
disease, Niemann-Pick disease types A and B, Niemann-Pick 
disease type C,  � -mannosidoses, sialidosis, and mucopoly-
saccharidosis type 3A ( 7, 43–49 ). In cellular studies of Gau-
cher’s and Tay-Sach’s disease for example, the induction of 
the HSR or UPR with celastrol and MG-132 results in in-
creases of both cytosolic and ER-resident chaperones, of the 
HSP70 family in particular, in a process dependent on UPR-
responsive transcription factors Ire1, ATF6, and PERK. This 
upregulation of molecular chaperones is critical to the as-
sociated increases in mutant enzyme activity, which in both 
diseases reaches levels of approximately 50% WT activity 
( 7 ) after administration of the HSR/UPR-inducing com-
pounds. These data on the positive effect of celastrol on 
both HSP70 induction and increased enzymatic activity of 
the compromised enzyme, GCase, in Gaucher’s disease is 
supported by a recent study in which celastrol signifi cantly 
increased the quantity and catalytic activity of GCase by 
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SM, and sphingosine, all of which have reported roles in 
the pathology of the disease ( 56 ). The accumulation of 
SM has been shown to render lysosomes more susceptible 
to loss of their structural integrity, and subsequently cell 
death, as well as to impair autophago-lysosomal clearance 
( 57–60 ). Interestingly, the mitigation of this secondary 
substrate accumulation in NPC by enhancing acid SMase 
(ASMase) activity, has been shown to revert the phenotype 
of NPC cells; arguing that at least for some LSDs, ameliora-
tion of secondary events could hold important therapeutic 
promises, but also suggests that NPC1 might benefi t from 
recombinant HSP70 therapy, based on HSP70’s ability to 
increase ASMase activity and lysosomal catabolic activity 
( 12, 57, 61, 62 ). 

 The accumulation of primary and secondary substrates 
has a number of derived consequences, apart from caus-
ing further lysosomal catabolic dysfunction. The main 
consequences of the failure to degrade and recirculate 
important cellular constituents include not only gain-of-
function toxicities related to the direct lysosomal environ-
ment, such as loss of lysosomal integrity and cell death, but 
might also lead to loss-of-function effects, as lipids, recep-
tors, and proteins that should have been recycled are 
trapped in a dysfunctional compartment  . The impact of 
this dysfunction extends well beyond the lysosomes them-
selves, as their lack of proper function also leads to bottle-
necks for interrelated vesicle traffi cking events such as 
autophagy, endosomal transport and recycling, exocytosis, 
and synaptic transmitter releases, putting yet more stress 
on the cells to manage   ( 63–65 ). 

 The ultimate outcome of these events is cellular degen-
eration, but the elucidation of the mechanistic principles 
regarding how the often complex substrate accumulation 
leads to this fatal end are still not clear. Interestingly, apart 
from the reasonably well-characterized culprits, such as 
psychosine, increased amounts of ROS and susceptibility 
to LMP seems to be a feature of an increasing number of 
LSDs ( 57, 66–69 ). As LMP is a well-described initiator of 
cell death programs, modifying this phenotype presents 
an attractive area for therapeutic intervention, not only in 
LSDs but also in other diseases in which this deleterious 
process is involved, such as cancer and pancreatitis ( 13, 
58, 70 ). 

 LMP 
 The lysosome contains a high content of hydrolytic en-

zymes, and loss of lysosomal integrity is potentially lethal 
to the cell, as evidenced by the involvement of LMP in a 
number of cell death cascades and pathologies, including 
a number of the LSDs ( 13, 57, 66–69, 71 ). 

 Whereas regulation of lysosomal stability is not com-
pletely understood, it is clear that the lipid composition of 
the lysosomal membranes is involved, as is the sensitivity to 
accumulation of ROS within the lysosomes. One of the 
best studied groups of ROS generators is heavy metal ions, 
exemplifi ed by redox-active iron (Fe 2+ ). The lysosomal 
compartment is rich in labile iron due to autophagic deg-
radation of ferritin and mitochondrial metalloproteins. In 
the lysosomes, Fe 2+  is capable of generating ROS through 

patients  . By investigating the structure-activity relationship 
of diltiazem, the studies suggest that its Ca 2+ -channel 
blocker activity is responsible for the upregulation of a 
subset of molecular chaperones, including HSPA5 and 
HSP40, which provides an enhanced capacity of the ER to 
fold the misfolding-prone proteins. The study thus sug-
gests that inducing members of the HSR through manipu-
lation of calcium homeostasis is a way to restore protein 
homeostasis in LSDs ( 15 ). 

 From the emerging number of reports investigating the 
therapeutic potential of induction of molecular chaper-
ones in LSDs, it is clear that modulation of molecular 
chaperones holds a signifi cant potential. There is a devil 
in the detail, however, as the mechanism driving many in-
ducers of molecular chaperones lies in their inherently 
cytotoxic properties. It is no coincidence that HDACis and 
proteasome inhibitors are often pursued for their cyto-
toxic effects, rather than their potential cytoprotective ef-
fects. Studies with these compounds should therefore 
rather be viewed as proof-of-concept, as careful consider-
ations and thorough pharmacological and preclinical 
studies should be undertaken to understand the safety/
effi cacy window before administering drugs developed for 
their anti-oncogenic potential to patients suffering from 
severe metabolic diseases. However, as mentioned above, 
nontoxic inducers of the HSR also exist and are currently 
in phase II clinical trials for other chronic genetic diseases 
characterized by misfolded proteins, as well as in early de-
velopment for the LSDs ( 6, 18, 19 ). 

 Substrate accumulation 
 Functional disruption of a lysosomal enzyme often in-

fl uences the activity of other lysosomal enzymes, as the in-
complete catabolism of a substrate can signifi cantly alter 
the lysosomal environment, e.g., by perturbation of the 
membrane lipid stoichometry ( 52 ). In addition to the pri-
mary storage, many LSDs thus show accumulation of sec-
ondary metabolites, which on their own may have a 
number of derived and potentially toxic effects ( Table 1 ). 
GM2 and GM3 gangliosides, sphingosine, and cholesterol 
are common secondary storage metabolites in lysosomal 
diseases   ( 5, 53 ). Also, more complex gangliosides, globo-
sides, SM, and other sphingolipids have been found to 
play a role in the molecular pathology of LSDs ( 54 ). An 
example of detrimental substrate accumulation is  � -
galactosylsphingosine (psychosine), which accumulates in 
affected tissue of Krabbe’s disease (globoid-cell leukodys-
trophy). Krabbe’s disease is caused by defi ciency in  � -
galactocerebrosidase and is characterized by extensive 
demyelination with loss of oligodendroglia and prolifera-
tion of astroglia in the brain and spinal cord ( 55 ). Psycho-
sine is a highly cytotoxic lipid, capable of inducing cell 
death in a variety of cell types including oligodendrocytes, 
and has been suggested as a toxic secondary metabolite in 
other LSDs as well ( 53 ). Similarly, secondary metabolites 
are considered to play key roles in a number of the LSDs, 
including Niemann-Pick disease type C (NPC) in which ge-
netic defects of the transmembrane protein NPC1 lead to 
a wide array of storage metabolites, including gangliosides, 



LSDs and the HSR: convergences and therapeutic opportunities 2203

 Ultimately, the outcome on lysosomal stability for any 
LSD is most likely a result of the sum of the pathological 
processes and the resulting lipid profi le of the lysosomes 
at any given time, including effects from the increased re-
active and oxidative environment often seen due to im-
proper traffi cking and recycling of heavy metal ions. 
However, with the increasing appreciation of the involve-
ment of LMP in LSDs and with the established evidence 
that mitigation of LMP has signifi cant cellular pro-survival 
implications, increased understanding of this part of the 
pathogenic cascade in LSDs might reveal a number of po-
tential therapeutic targets. Importantly for the context of 
this review, it has been demonstrated that HSP70 plays a 
crucial role in stabilizing lysosomal membranes in a num-
ber of pathologies and has been shown to be able to di-
rectly affect lysosomal membrane stability through its 
interaction with the anionic lysosomal lipid bis(monoacyl)
glycerophosphate and subsequent activation of ASMase, 
rendering the lysosomes of patients with primary ASMase 
defi ciency (Niemann-Pick type A and B) more protected 
against LMP while also reverting the accumulation of stor-
age lysosomes and SM, which has recently been implicated 
in loss of lysosomal membrane integrity ( 13, 57, 59 ). In 
addition, one of the immediate consequences of LMP, cell 
death, has been shown in a large number of studies to be 
signifi cantly reduced by the induction of the HSR and 
HSP70, not only by its direct actions on lysosomes but also 
through its interactions with the downstream cell death 
cascades ( 14 ). 

 Cell death 
 As cell death and neuronal loss are key features of many 

LSDs, a number of cell death pathways are potentially in-
volved in the disease progress, and the available literature 
describes a number of events, which, not surprisingly, are 
strongly associated with the lysosomes or organelles and 
membranes closely linked to the lysosomes ( 5, 64 ). How-
ever, due to the key role of lysosomes not only in macromo-
lecular catabolism but also in overall cellular homeostasis 
such as lipid and receptor recycling to the plasma mem-
brane and autophagic clearance of damaged mitochondria 
and peroxisomes, the network of signaling pathways af-
fected by dysfunctional lysosomes is vast and complex, and 
a thorough understanding of these intricate relationships is 
still elusive  . 

 This section will thus focus on the more direct lysosomal 
cell death pathways and associated classical apoptotic cas-
cades and the infl uence of the HSR and HSP70 on these 
pathways. The reader is referred to the many excellent re-
views on various cell death programs for further details on 
these. 

 As described above, a number of cellular events can lead 
to LMP and subsequent cell death. Studies that target the 
lysosomal membrane integrity have convincingly proven 
that lysosomal permeabilization can result in programmed 
cell death ( 12, 93–97 ). Interestingly, cells depleted of 
HSP70 become more susceptible to these lysosome disrup-
tive stimuli, whereas cells either overexpressing HSP70 or 
administered recombinant HSP70 are signifi cantly protected 

Fenton-type chemical reactions, which can subsequently 
lead to oxidization of membrane lipids and thereby initi-
ate LMP ( 72 ). ROS can also be generated from other 
chemically reactive metals trapped within the lysosomal lu-
men, including Cu 2+ , Zn 2+ , and Co 2+  ( 73 ). Importantly, 
iron chelation has been shown to desensitize cells to oxi-
dative stress and increase lysosomal stability ( 74 ). Interest-
ingly, one of the often observed characteristics of cellular 
pathology in LSDs is the marked elevation of oxidative 
stress, and ROS have been found elevated in several LSDs, 
including Fabry disease, microglia of Gaucher disease, 
GM1 and GM2 gangliosidoses, and Niemann-Pick disease 
type C, providing another mechanistic clue to the loss of 
lysosomal integrity and cell death processes occurring in 
LSDs   ( 75–78 ). 

 Importantly, a well-characterized pro-survival effect of 
the HSR, in particular HSP70, is toward oxidative stresses, 
ranging from cellular studies of protection against ROS 
and membrane oxidation to clinical studies of the effects 
of HSP70 on ischemia-reperfusion injury ( 12, 13, 79–81 ) 

 Not only heavy metals, but also a variety of lipids such as 
free fatty acids, arachidonic acid, SM, and sphingosine, 
have been shown to be directly involved in loss of lyso-
somal integrity; whereas cholesterol seems to serve a more 
protective role, which is in accordance with its proposed 
membrane-stabilizing effect ( 57, 82–86 ). Also, generation 
of ceramide alters the biophysical properties of cellular 
membranes ( 87 ). The ultimate outcome of changes in ly-
sosomal membrane lipid stoichiometry is thus hard to pre-
dict, but studies have shown that loss of lysosomal integrity 
is a feature across the various classes of LSDs, as diseases as 
diverse as Niemann-Pick disease types A and B, Niemann-
Pick disease type C, mucopolysaccharidosis type I, muco-
lipidosis type II, and late-infantile neuronal ceroid 
lipofuscinosis (CLN2 disease) all have been reported to be 
susceptible to LMP ( 57, 66–69 ). 

 Adding to this complexity, lysosomes can also undergo 
LMP in response to a number of stimuli, including death 
receptor-activation by TNF-a ( 71 ). This signaling pathway 
thus links the pathogenic cascade of some of the LSDs in 
which immunological responses play a part, such as Nie-
mann-Pick type C, to LMP and its downstream conse-
quences, providing a point of convergence between these 
disease processes  . Importantly, one of the best charac-
terized effects of HSP70 is its ability to mitigate TNF-a-
mediated cell death programs, which, together with the 
previously highlighted cytoprotective actions of the HSR, 
stresses the therapeutic potential in HSR-based approaches 
to mitigate the detrimental consequences of these events 
( 12, 88–90 ). 

 Furthermore, a common event in LSDs, disruption of 
lysosomal traffi cking ( 5 ), has also been shown to increase 
LMP susceptibility. Mutation of the LYST gene (Chediak-
Higashi syndrome) encoding a lysosomal traffi cking regu-
lator results in dysfunctional lysosomes ( 91 ). Likewise, 
downregulation of the lysosomal membrane proteins, lyso-
somal-associated membrane proteins (LAMP)-1 and -2 
(disrupted in Danon disease), by transformation sensitizes 
cells to drug-induced LMP   ( 92 ). 
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psychosine-driven membrane perturbations described 
could very well be envisioned to be similar for lysosomal 
perimeter membranes, a hypothesis that would bridge this 
study and the psychosine-driven caspase 3 activation re-
ported in Krabbe’s disease, and could hold implications 
for the understanding of the cell death processes occur-
ring in LSDs with psychosine accumulation. In support of 
this, recent studies have shown that psychosine activates 
secreted phospholipase A2, a potential initiator of LMP 
and downstream cell death programs through its genera-
tion of arachidonic acid and ROS ( 13, 106, 107 ). 

 LMP also participates in the execution of cell death in 
response to a wide variety of classic apoptotic stimuli, such 
as immunological reactions driven by activation of death 
receptors of the TNF-receptor family ( 108–111 ). As immu-
nological responses are often a part of LSD pathology, this 
provides a link between cell death, lysosomes, and an acti-
vated immune system in LSDs; although much is still left 
to learn on the molecular biology and potential clinical 
relevance of this interplay ( 4 ). 

 Interestingly, TNF-a also stimulates SM breakdown to 
phosphorylcholine and ceramide by activating neutral 
SMase at the plasma membrane and ASMase in the lyso-
somal compartment ( 112 ). Both events have been impli-
cated in TNF-a-induced cell death pathways, but so far 
only neutral SMase has been connected to LMP through 
the factor associated with neutral SMase (FAN) ( 113 ). In 
addition to increasing the generation of the sphingosine 
precursor, ceramide, by activating SMases, TNF-a regu-
lates sphingosine levels by cathepsin B-mediated downreg-
ulation of sphingosine kinase-1, an enzyme that converts 
the pro-apoptotic sphingosine to an anti-apoptotic sphin-
gosine-1-phosphate ( 114 ). This TNF-a-driven activity of 
cathepsin B could result in the accumulation of sphingo-
sine in the lysosomes and may thus, at least partially, ex-
plain the requirement of cathepsin B for an effi cient LMP 
in TNF-a-treated hepatocytes ( 115 ). In addition it has 
been shown that TNF-a-induced tumor cell death depends 
on cathepsin B release from lysosomes, an event which 
also triggers the generation of arachidonic acid and thus 
intriguingly connects TNF-a signaling and the release of 
cathepsin B to a number of the molecular processes al-
ready described for LSDs ( 108, 116 ). 

 The cytotoxic effects of LMP often rely, at least partially, 
on the activation of the mitochondrial death pathway. It is, 
however, considered beyond this review to discuss these 
interactions and their downstream effects aside from what 
has already been presented. Suffi ce to say that the HSR 
and HSP70 play important roles, and the interested reader 
is referred to reviews covering these details ( 13 ). 

 Apart from its direct lysosome-protective effects, which 
we have already covered, the HSR and HSP70 in particu-
lar, have arguably the broadest cytoprotective potential of 
any cellular agents, a potential which has been demon-
strated across a number of disease states and against a vast 
array of toxic stimuli. Thus HSP70 has been shown to be 
able to prevent not only the toxic effects of ROS and LMP 
but also protect against caspase-mediated apoptosis, in 
particular downstream of caspase-3 activation, and have 

against LMP and subsequent cell death ( 11–14, 57, 88, 89, 
98, 99 ). Needless to say, the conclusions on these studies 
point very clearly to an important overlap between lyso-
somal cell death processes and the cytoprotective mecha-
nisms employed by the HSR and HSP70 ( 13, 17, 34, 100 ). 

 It has been suggested that a quantitative relationship ex-
ists between the degree of lysosomal destabilization and the 
mode of subsequent cell death pathways. In this model, a 
limited loss of lysosomal membrane integrity would lead to 
a limited release of lysosomal contents to the cytoplasm, 
triggering a predominantly apoptotic or apoptosis-like cas-
cade with activation of the proper caspases, while high in-
tensity stresses and signifi cant loss of lysosomal membrane 
integrity lead to rapid cellular necrosis ( 82, 101 ). Accord-
ingly, sphingosine, a common secondary accumulating me-
tabolite in LSDs, has been shown to induce various degrees 
of LMP. Sphingosine is an acid ceramidase-generated me-
tabolite of ceramide with detergent-like properties at low 
pH, and has been shown to induce partial LMP and caspase-
mediated apoptosis at low concentrations, whereas higher 
concentrations result in massive LMP and caspase-indepen-
dent necrotic cell death. In this model, the death triggered 
by partial LMP can be inhibited by pharmacological inhibi-
tors of cysteine and aspartate cathepsins, and the increase 
in the cytosolic cathepsin activity precedes the activation of 
caspases and mitochondrial membrane potential changes 
suggesting a direct role for cytosolic cathepsins in the death 
process ( 82 ). Interestingly, sphingosine has been suggested 
to be the earliest accumulating metabolite in Niemann-Pick 
disease type C, suggesting that sphingosine-driven reactions 
are among the fi rst molecular pathological events in this 
disease ( 102 ). Supporting a close link between sphingosine 
accumulation, LMP and cell death in Niemann-Pick disease 
type C, Amritraj et al  . ( 69 ) investigated the role of lysosomal 
proteases cathepsin B and D, the two best characterized cell 
death triggering enzymes of the lysosome ( 71 ), in determin-
ing neuronal vulnerability in NPC1-defi cient mouse brains 
over time. The study elegantly demonstrated that lysosomal 
release of cathepsins occurs coincidentally with the age-
dependent degeneration of the most vulnerable brain regions 
(e.g., the cerebellum) suggesting a role for these enzymes 
in the initiation of the degeneration of neurons ( 69 ). 

 Psychosine has also been implicated as a potential cell 
death-triggering species in LSDs, as it is a highly cytotoxic 
lipid, capable of inducing cell death in a variety of cell 
types including oligodendrocytes ( 53, 55 ). In Krabbe’s dis-
ease, psychosine is a primary storage compound and has 
been reported to be suffi cient to activate caspase 3 in mo-
tor neuronal cells in vitro in the absence of myelinating 
glia. Furthermore, peripheral neuropathy in the Twitcher 
mouse model of Krabbe’s disease has been shown to cor-
relate with increased caspase 3 activation, indicating a mo-
lecular mechanism for the psychosine-related toxicity and 
neuronal pathology of this disease ( 104 ). As described 
above, LMP and apoptotic pathways with caspase activa-
tion are intimately linked. It is thus intriguing that recent 
data indicate that the toxic effect of psychosine is exerted 
through perturbation of membrane integrity ( 105 ). Al-
though this study focused on the plasma membrane, the 
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and slow the progression of Duchenne’s muscular dystro-
phy in two mouse models of the disease ( 34, 37 ). 

 Autophagy 
 Autophagy is a conserved mechanism of turnover of long-

lived proteins and organelles within the cell, but is also im-
portant for energy sensing and involved in the immune 
system. Autophagy, like the HSR, is induced in response to 
a variety of cellular stresses, and plays a cytoprotective role, 
but has also been found to contribute to cell death if exces-
sively induced ( 64, 129 ). Three main pathways of autophagy 
have been described so far: macro-autophagy, micro-
autophagy, and CMA. Micro-autophagy has not been inves-
tigated for LSDs and will therefore not be addressed in this 
review. Macro-autophagy is the major pathway of autoph-
agy, which involves the engulfment of ubiquitinylated and 
aggregated proteins. The process is initiated by recognition 
of misfolded proteins by molecular chaperone complexes 
involving HSC70, the constitutive member of the HSP70 
family. After recruitment of P62 and other autophagic re-
ceptors such as neighbor of BRCA1 gene 1 (NBR1), which 
tether the substrate to the autophagic machinery on the 
forming autophagosome, the autophagosomes fuse with ly-
sosomes for degradation of the engulfed proteins ( 64 ). The 
details of the interplay between autophagy and LSDs have 
only recently begun to be characterized, but it seems that 
the involvement of autophagy and its contribution to pa-
thology varies depending on the LSD being studied; al-
though much work is still needed to understand the 
implications of this process in the various LSDs. Comple-
tion of autophagy and reformation of lysosomes (autopha-
gic fl ux), however, seems to be reduced in many LSDs and 
has also been implicated in a number of other neurodegen-
erative diseases ( 64, 130, 131 ). 

 As autophagy relies on a functional lysosomal system 
in order to function properly, the question as to whether 
modulation of autophagy can potentially provide a clin-
ical benefi t to patients is not easily answered. Clearly, 
induction of autophagy in a disease with a compromised 
lysosomal system is not necessarily an advantage, but 
modulation of the whole system, i.e., improving autoph-
agic fl ux, including augmentation of the lysosomal ca-
pacity to address increased autophagy, could absolutely 
be of relevance. 

 CMA is a selective autophagic process which relies on 
the HSP70 famíly member, HSC70, and its ability to recog-
nize and facilitate lysosomal entry of its client proteins 
through HSC70 binding to the cytoplasmic tail of LAMP-
2A on the lysosomal membrane ( 28 ). In addition to this 
very clear overlap between the HSP70 system and autoph-
agy, the cochaperone, BAG3, facilitates autophagic diges-
tion of HSP bound proteins by directing misfolded proteins 
into aggregate-like structures suited for effi cient autopha-
gic digestion ( 132 ). BAG3 can be induced by HSF1 ( 133 ), 
the main transcription factor for the HSR, and is found 
upregulated in mammalian cells under oxidative stress, 
heat stress, or upon exposure to heavy metals, suggesting 
that the HSR also serves to enhance autophagic processes 
needed for effective clearance of misfolded proteins. 

demonstrated a signifi cant protection against death-recep-
tor, in particular TNF-a-induced cell death programs ( 12–
14, 17, 88, 89, 100, 117 ). 

 In conclusion, the HSR and HSP70 confer signifi cant 
cytoprotection against a number of cell death pathways, 
many of which are also part of the molecular pathology of 
LSDs. Together with the already covered aspects of HSR/
HSP70-conferred cytoprotection, this, of course, strength-
ens the rationale for the exploration and development of 
compounds capable of replicating or modulating these ef-
fects as potential therapeutic agents for LSDs. 

 Calcium homeostasis 
 Altered Ca 2+  homeostasis has been observed in a number 

of LSDs, although the form and extent of alterations seem 
to be dependent on the given LSD, and many details still 
need to be understood ( 55 ). Briefl y, ER, mitochondrial, 
and lysosomal calcium stores have all been shown to be af-
fected in different lysosomal diseases ( 4 ). In Sandhoff dis-
ease, GM2 accumulation inhibits calcium uptake via the 
sarco/ER Ca 2+  ATPase (SERCA) which elevates cytosolic 
calcium levels, a mechanism which is shared by Niemann-
Pick disease type A ( 119, 120 ). Importantly, elevated cyto-
solic calcium can activate calcium-dependent calpain, which 
in turn can activate caspases and result in apoptosis ( 121 ). 
In addition, the activation of calpains can lead to LMP and 
subsequent neuronal cell death, a mechanism that has been 
suggested to occur through the direct cleavage of lysosome-
associated and -protective HSP70 ( 121–124 ). 

 With the discovery of the lysosomes as bona fi de cal-
cium stores ( 125, 126 ), deregulation of lysosomal calcium 
stores has also been reported in LSDs. In Niemann-Pick 
type C, sphingosine accumulation has been suggested to 
lead to depletion of lysosomal calcium with subsequent 
accumulation of glycosphingolipids, SM, and cholesterol 
( 102 ). SM, the primary storage substrate in Niemann-Pick 
types A and B, and which also accumulates in Niemann-
Pick types C1 and C2, has also been mechanistically linked 
to the dysregulation of lysosomal calcium stores via inhibi-
tion of the mucolipin transient receptor potential chan-
nel 1 (TRPML1) ( 53, 127 ). TRPML1 is a ubiquitously 
expressed Fe 2+  and Ca 2+ -dually permeable channel pre-
dominantly localized in late endosomes and lysosomes 
and serves as the primary Ca 2+  channel in the lysosomes. 
This, interestingly, links iron metabolism to the regula-
tion of lysosomal calcium. Mutations in TRPML1 cause 
the LSD mucolipidosis type IV which exhibits lysosomal 
defects similar to those seen in cells from Niemann-Pick 
diseases, such as dysfunctional autolysosome formation/
lysosome reformation, lipid traffi cking, and Ca 2+  and Fe 2+  
homeostasis ( 127 ). 

 As we have already covered, the function of the ER and 
the HSR are intimately linked, but more specifi cally to the 
ER-calcium axis; HSP70 has been shown to bind and pre-
serve the function of SERCA under cellular stresses ( 128 ). 
Likewise, the induction of HSP70 via the pharmacological 
HSP70 coinducer, BGP-15, a compound of the hydroxyl-
amine derivative family which is in early clinical develop-
ment, has been shown to increase the activity of SERCA 
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ever, suggests that the processes are intimately linked as a 
feedback loop stimulating autophagic processes seems to 
be apparent in cells depleted of HSF1, whereas overex-
pression of HSP70 downregulates these   ( 134 ). 

 Interestingly, the autophagic receptors P62 and NBR1 
were recently reported to associate with intra-neuronal ag-
gregates containing subunit c of mitochondrial ATP syn-
thase (SCMAS) in a mouse model of the LSD classic CLN2 
disease. This was consistent with SCMAS being released 
from lysosomes through LMP, suggesting that LMP is a 
previously unrecognized pathogenic event in CLN2 dis-
ease linking LMP and the autophagic machinery ( 67 ). 
This is supported by studies in human fi broblasts from pa-
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autophagy are thus intimately linked, it is tempting to 
speculate that modulation of these processes could pro-
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 FUTURE DIRECTIONS AND OPPORTUNITIES 
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More effi cient clearance can be mediated through the 
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found to increase lysosomal stability and thereby inhibit 
pathology caused by increased oxidative stress and loss of 
lysosomal membrane integrity, processes that are ob-
served in many LSDs. Furthermore, induction of the 
HSR and HSP70 is perhaps “the” evolutionarily opti-
mized anti-apoptotic mechanism employed by cells to 
avoid the otherwise detrimental consequences of unman-
aged metabolic stress. With this multitude of convergent 
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preciate the potential of therapies aimed at modulating 
the HSR and HSP70 system for LSDs and other degener-
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are already in clinical development for chronic degener-
ative diseases, although for the LSDs, the clinical poten-
tial of modulating the HSR, albeit promising, has yet to 
be investigated.  
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