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Pediatric neurodegenerative diseases are a heterogeneous 
group of diseases that result from specific genetic and bio-
chemical defects. In recent years, studies have revealed a 
wide spectrum of abnormal cellular functions that include 
impaired proteolysis, abnormal lipid trafficking, accumulation 
of lysosomal content, and mitochondrial dysfunction. Within 
neurons, elaborated degradation pathways such as the ubiq-
uitin–proteasome system and the autophagy–lysosomal path-
way are critical for maintaining homeostasis and normal cell 
function. Recent evidence suggests a pivotal role for autoph-
agy in major adult and pediatric neurodegenerative diseases. 
We herein review genetic, pathological, and molecular evi-
dence for the emerging link between autophagy dysfunction 
and lysosomal storage disorders such as Niemann–Pick type C, 
progressive myoclonic epilepsies such as Lafora disease, and 
leukodystrophies such as Alexander disease. We also discuss 
the recent discovery of genetically deranged autophagy in Vici 
syndrome, a multisystem disorder, and the implications for the 
role of autophagy in development and disease. Deciphering 
the exact mechanism by which autophagy contributes to dis-
ease pathology may open novel therapeutic avenues to treat 
neurodegeneration. To this end, an outlook on novel therapeu-
tic approaches targeting autophagy concludes this review.

Pediatric neurodegenerative diseases are a heterogeneous 
group of diseases that result from specific genetic and bio-

chemical defects. Although the age of onset and the clinical 
course are variable, neurodegenerative disorders of childhood 
are characterized by progressive neurologic and cognitive dys-
function with loss of speech, vision, hearing, and motor skills, 
and a frequent association with seizures, feeding difficulties, 
and failure to thrive. The degenerative process can affect white 
and gray matter and spreads in a disease-specific manner. 
Current genetic and biochemical testing and neuroimaging 
can establish a diagnosis. The outcome for most diseases, how-
ever, is still poor, as therapeutic approaches are limited.

Accumulation of proteins, polysaccharides, and lipids are 
common mechanisms shared by major adult-onset neurode-
generative diseases1–3 and many neurodegenerative diseases 
of childhood.4 These conditions are, therefore, often referred 

to as “storage diseases” or “proteinopathies.” Cells and post-
mitotic cells such as neurons, in particular, rely on effective 
cargo targeting, tagging, transportation, and degradation to 
maintain intracellular homeostasis under normal conditions 
and metabolic stress. Within this network, autophagy plays 
an indispensible role by eliminating misfolded and aggregated 
proteins, lipids, saccharides, and damaged organelles. Recent 
evidence suggests that autophagy is dysregulated in a number 
of pediatric neurodegenerative and metabolic diseases.

AUTOPHAGY: AN OVERVIEW
Autophagy describes intracellular pathways that converge into 
degradation of target material in lysosomes.5 The route of cargo 
delivery to the lysosome distinguishes the respective subtype of 
autophagy, i.e., macroautophagy, chaperone-mediated autoph-
agy, and microautophagy (Figure 1). The final step of these 
processes is the degradation of the substrate, yielding basic 
building blocks that can be further broken down and recycled.

Most studies on autophagy in pediatric neurodegenerative 
diseases have focused on macroautophagy (hereafter referred 
to as “autophagy”), a “bulk” degradation process that involves 
the de novo formation of double-membrane–bound vesicles 
that elongate and, as they grow, sequester complete regions of 
the cytosol (Figures 1 and 2). The resulting mature double-
membrane vesicles are referred to as autophagosomes. While 
this compartment lacks proteolytic enzymes, the cargo can only 
be degraded by fusion with late endosomes or lysosomes, which 
provide the necessary enzymes. The fusion product of autopha-
gosomes and lysosomes has been termed autolysosome.

Autophagy integrates numerous other signaling pathways. 
The first proteomic analysis of the basal autophagy interac-
tions in human cells has revealed a complex network of 751 
interactions between 409 proteins.6 The cascade of events can 
be divided into six steps: initiation, nucleation, elongation, clo-
sure, maturation, and fusion5,7 (Figure 2). Initiation is regu-
lated by several signaling pathways, the best known of which 
involves mammalian target of rapamycin (mTOR), a serine/
threonine kinase that integrates various cell signals such as 
growth factors and energy status. A second recently described 
pathway for initiation of autophagy is mediated by the basic 
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helix-loop-helix leucine zipper transcription factor EB, which 
is involved in the regulation of both lysosomal biogenesis and 
autophagy.8,9

Autophagy initiation is mediated by a regulatory complex 
that involves Beclin-1, the class III phosphatidylinositol-
3-phosphate kinase Vps34, and other interacting proteins.10 

Figure 1.  Neuronal pathways of protein and cargo degradation. A substantial portion of newly synthesized proteins is folded incorrectly, a process that is 
facilitated under conditions of metabolic stress. Chaperones can mediate refolding and can thereby prevent misfolding and oligomer or even aggregate 
formation. If refolding, however, is not possible or the capacity of the chaperone system is exceeded, protein degradation pathways are necessary to 
maintain protein homeostasis. Pathways that remove proteins and other cargo under normal and pathologic conditions are the ubiquitin–proteasome 
system and autophagy. The latter consists of three distinct subtypes: macroautophagy, chaperone-mediated autophagy, and microautophagy.
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cascade involves both mTORC1-dependent and mTORC1-independent signaling pathways and signaling by the transcription factor EB (TFEB) (also see Figure 7).

Closure and
maturation

Initiation and
nucleation

Isolation
membrane

Autophagosome

LC3-II

ATG5-ATG12 and
LC3-PE

conjugation system

Upstream
signaling via the

PI3K-AKT pathway
including mTORC1

and the Beclin-1
interacting
complex

TFEB-
mediated
pathway

Nucleus
Autophagy genes

Lysosomal genes

Autolysosome

Lysosome

Elongation Fusion Cargo degradation

218  Pediatric Research          Volume 75  |  Number 1  |  January 2014	 Copyright © 2014 International Pediatric Research Foundation, Inc.



Autophagy in pediatric brain diseases         Review
Beclin-1 promotes Vps34-dependent generation of phospha-
tidylinositol-3-phosphate, which in turn facilitates the nucle-
ation of autophagosomal membrane.10

Elongation of evolving autophagosomes is governed 
by two unique ubiquitin-like conjugation systems that 
interact in a hierarchical order: Atg12-Atg5 and microtu-
bule-associated proteins 1A/1B light chain 3 (LC3 or Atg8)-
phosphatidylethanolamine conjugation7 (Figure 2). The latter 
is of particular importance as the resulting lipidated form 
of LC3, LC3-II, is attached to both sides of the autophago-
some membrane, making this protein a useful tool to quan-
tify autophagosome formation and turnover.11 Interestingly, 
autophagosomes can be formed anywhere within the cell, inde-
pendent of the close presence of lysosomes. Indeed in neurons, 
autophagosome formation and cargo sequestration takes place 
in neuronal processes requiring transport along the microtu-
bule system for subsequent fusion and cargo degradation.12

Accumulating evidence suggests that autophagy is not only 
a “bulk” degradation process for random cargo in the cytosol, 
but, by using specific cargo recognition molecules, can also be 
a very selective means to degrade tagged proteins or organ-
elles. For example, mitophagy, the autophagic removal of dys-
functional mitochondria, is of particular importance for neu-
rons and many other cell types.13

Although the three autophagy subtypes have individual char-
acteristics, they “communicate” as they display compensatory 
adaptation to preserve homeostasis. Crosstalk is of outmost 
importance for neurodegenerative diseases where a primary 
failure of degradation mechanisms has been proposed.1–3,14–16 
Dysfunction of autophagy can result from a block at every level 
of the pathway (Figure 2). With regards to neuronal pathology, 
defects in the autophagy pathway can be divided into those 
that cause impaired autophagic turnover and those that result 
in deregulated and overactive autophagy.

NIEMANN–PICK TYPE C: LINKING AUTOPHAGY TO LIPID 
METABOLISM
Niemann–Pick type C (NP-C, OMIM no. 257220; no. 607625) is 
a devastating neurodegenerative disease caused by autosomal-
recessive mutations in the NPC117 and NPC218 genes, which 
encode for two proteins that are instrumental to the efflux of 
cholesterol from late-endosomal and lysosomal compartments. 
NPC1, a transmembrane protein with a “sterol sensing domain” 
and a luminal cholesterol binding domain, and NPC2, a solu-
ble intraluminal protein capable of extracting cholesterol from 
lipid layers, act together to promote the recycling of cholesterol 
from the late-endosomal system.19,20 Consequently, impairment 
of these proteins leads to the endosomal and lysosomal accu-
mulation of cholesterol and secondary storage of glycophos-
pholipids in the brain and other organs.19

In recent years, studies have demonstrated accumulation of 
autophagosomes in degenerating neurons of NPC1 knockout 
mice,21–23 primary fibroblasts derived from NP-C patients,23 
and NPC1-deficient cell culture models.24 The activation of 
basal autophagy was found to be accompanied by impaired 
degradation of long-lived proteins, abnormal levels of the 

lysosomal enzyme cathepsin D, and accumulation of undi-
gested polyubiquitinated proteins in the endolysosomal and 
lysosomal fraction.22 These findings indicate that disruption 
of lipid trafficking in NP-C results in a global enhancement 
of autophagy that is, however, not sufficient to handle the 
quantity of proteins targeted for degradation. Importantly, 
induction of autophagy in NPC1-deficient cells is associated 
with an increased expression of Beclin-1, whereas mTOR sig-
naling remains unchanged.23 Consistent with the findings in 
NPC1- and NPC2-deficient cells, pharmacological induction 
of unesterified cholesterol leads to enhanced Beclin-1 expres-
sion, further demonstrating that Beclin-1 is induced by lipid 
trafficking defects and may act as an important regulator of 
autophagy in sphingolipid storage diseases.23

In view of these findings, a critical question remains 
whether enhanced autophagy is a compensatory response 
that promotes cell survival or rather has deleterious effects. 
Interestingly, the acute knockdown of the microtubule-
binding protein tau, a protein implicated in many neuro-
degenerative diseases including NP-C, was found to signifi-
cantly impair microtubule-dependent autophagy induction 
and flux in NPC1-deficient fibroblasts.25 NPC1/TAU double-
null mice, however, exhibited an exacerbated NP-C pheno-
type and a decreased life span (but no exacerbated cell loss), 
providing evidence that the integrity of the described induc-
tion of autophagy can affect the severity of the disease phe-
notype.25 These findings have significant implications as they 
suggest that hyperphosphorylated tau could lead to a pro-
gressive loss of tau’s normal function, which in turn impairs 
the ability to upregulate autophagic flux in response to 
NPC deficiency,25 indicating a “protective” role of increased 
autophagy in NP-C.

In contrast to this notion, however, autophagy activation 
in NP-C was recently shown to impair both mitochondrial 
turnover26 and lysosomal protease function.27 Using human 
embryonic stem cell–derived neurons, it was shown that 
both induction of basal autophagy and impaired autophagic 
flux concomitantly occur with NPC1 knockdown and that 
this significantly compromises mitochondrial clearance.26 
Remarkably, these changes were partially reversible through 
the application of the autophagy inhibitor 3-methyladenine, 
which reduces autophagosome formation and, by treatment 
with cyclodextrin, a compound capable of mobilizing cho-
lesterol from the lysosomal compartment.26 Concurrent with 
the notion that NPC deficiency interferes with the comple-
tion of the autophagic cascade, recent findings demonstrate 
that the autophagic response increases delivery of cholesterol 
to the lysosome and thereby causes dysfunction of lysosomal 
proteases, which in turn could impair turnover of autolyso-
somes, therefore creating a pathological feedback loop that 
promotes induction of dysfunctional autophagy27 (Figure 3). 
The cascade of deleterious events was again ameliorated with 
pharmacological inhibition of autophagy initiation, and vice 
versa, unesterified cholesterol significantly increased in NP-C 
fibroblasts following treatment with the mTOR-dependent 
autophagy inducer rapamycin.27 Cholesterol accumulation in 

Copyright © 2014 International Pediatric Research Foundation, Inc. 	 Volume 75  |  Number 1  |  January 2014          Pediatric Research  219



Review         Ebrahimi-Fakhari et al.

cultured neurons was shown to lead to leakage of the lyso-
somal protease cathepsin D into the cytosol, which may trigger 
neurodegeneration, and interestingly, extracellular cathepsin 
D was found to trigger defective autophagy in exposed cells, a 
finding that might have implications for disease progression28 
(Figure 3).

Collectively, these findings demonstrate that autophagy is 
induced in the setting of NPC deficiency and lysosomal cho-
lesterol storage but remains dysfunctional and thereby pro-
motes lysosomal cholesterol storage, lysosomal dysfunction, 
and disease pathology, a conclusion that points inhibition of 
autophagy as an interesting novel target in NP-C.

VICI SYNDROME: LINKING AUTOPHAGY TO EMBRYONIC 
(BRAIN) DEVELOPMENT
Vici syndrome (OMIM no. 242840) is a rare recessively 
inherited multisystem disorder first described in 1988 
based on its clinical phenotype consisting of callosal agen-
esis, bilateral cataracts, cardiomyopathy, immunodeficiency, 
and skin and hair hypopigmentation.29 Further neurologi-
cal manifestations include microcephaly, nonlissencephalic 
cortical dysplasia, cerebellar vermis hypoplasia, severe cog-
nitive and motor impairment, seizures, muscular hypoto-
nia, and failure to thrive.29–31 The disease is usually fatal in 
early childhood. Reports of available muscle biopsies record 
myopathic features with type 1 atrophy and glycogen accu-
mulation.30,32 Electron microscopy studies further revealed 
altered mitochondrial morphology and distribution besides 
abundant vacuoles and dense bodies, possibly of lysosomal 
origin.30–32

Recently, mutations in the EPG5 gene, the human homo-
log of the metazoan-specific autophagy gene Epg5 (ecto-
pic P-granules autophagy protein 5), which encodes the key 
autophagy regulatory protein EPG5, were identified as the 
genetic cause of Vici syndrome.31 Epg5 in Caenorhabditis ele-
gans is one of the four eukaryote-specific autophagy genes that 
regulate different steps of the autophagic pathway in multicel-
lular organisms.31,33 It is ubiquitously expressed during embry-
onic development and appears to play an essential role in 
starvation-induced autophagy.33 In silico analysis predicts the 
expression of Epg5 in different mammalian organs, including 
the central nervous system, skeletal and heart muscle, immune 
cells, thymus, and others,34 which are all involved in Vici syn-
drome. Knockdown of the EPG5 gene in mammalian cells 
results in the accumulation of nondegenerative autolysosomes, 
possibly indicating that EPG5 is involved in the rate-limiting 
late steps of the autophagic pathway, such as the proteolysis 
within autolysosomes.33

Characterization of autophagy in Vici syndrome revealed 
a wide spectrum of abnormalities, making it a paradigm for 
a human multisystem disorder associated with defective 
autophagy31 (Figure 4). In skeletal muscle tissue and fibro-
blasts derived from Vici syndrome patients, accumulation of 
autophagosomes and the autophagy linker proteins NBR1 and 
p62 was observed, potentially reflecting a block in autopha-
gic flux.31 This was further supported by reduced colocaliza-
tion of autophagosomes and lysosomes and by increased levels 
of K63-polyubiquitinated proteins,31 which are usually tar-
geted for degradation by autophagy.35 On the regulatory level, 
altered phosphorylation in the mTOR pathway was noted, 

Figure 3.  Deregulated autophagy in Niemann–Pick type C disease. Lipids accumulate in the endosomal pathway, which induces autophagosome forma-
tion through the Beclin-1 complex as a potential compensatory action. The accumulating lipids, however, also impair cargo degradation and lysosomal 
recycling at the autolysosome levels leading to a downstream block in the autophagic cascade. Therefore, autophagosome and their cargo, including 
lipids, accumulate, and a vicious cycle ensues. Finally, cargo accumulation and leakage of lysosomal enzymes into the cytosol might contribute to neuro-
degeneration. Pathological changes in the autophagy pathway and lysosomal lipid metabolism are highlighted in red. LDL, low-density lipoprotein.
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potentially indicating deranged transcriptional regulation 
via this pathway.31 Taken together, these data point to defec-
tive autophagosome clearance due to mutated EPG5, which 
leads to the accumulation of autophagic cargo and potentially 
impaired fusion of autophagosomes and lysosomes or down-
stream defects thereof.

The pivotal findings in Vici syndrome have great implications 
for our understanding of autophagy in multiple organ systems 
and their embryonic development (Figure 4). With regards 
to the central nervous system, the clinical findings of callo-
sal agenesis, cortical hypoplasia, and cerebellar malformation 
connect EPG5-dependent autophagy to central nervous sys-
tem development. Regulators of neuronal autophagy, such as 
Ambra1 or Atg5, have been found to play a crucial role during 
early neuronal differentiation36,37 and postnatal adaptation38 by 
assuring that basal autophagy disposes cellular components 
and provides energy to enable the dynamic changes necessary 
in the developing brain.

It remains to be elucidated whether patients with Vici syn-
drome develop a neurodegenerative phenotype in addition to 
brain malformation. In this case, a neurodegenerative pheno-
type might include the accumulation of classic polyubiquiti-
nated inclusion bodies as observed with genetic ablation of 
autophagosome formation.39,40 Supporting this idea, a recently 
published study in Epg5-deficient mice demonstrated selective 
neurodegeneration of cortical and spinal cord motor neurons 
leading to a phenotype that resembles key features of amyo-
trophic lateral sclerosis.41 Accumulation of p62 and ubiqui-
tin-positive inclusions were found in neurons and glia cells, 

underscoring impairment of autophagosome maturation and 
autophagic flux.41

Further characterizing findings in Vici syndrome and  Epg5-
deficient mice might indeed enhance our understanding of 
the detrimental consequences of deficits in late stages of the 
autophagic pathway for neuronal maturation, integrity, and 
neurodegeneration. Likewise, exploring the mitochondrial 
abnormalities observed in Vici syndrome could further facili-
tate our insights into the role of autophagy in maintaining 
mitochondrial quality and function.

LAFORA DISEASE: LINKING AUTOPHAGY TO 
CARBOHYDRATE METABOLISM
Lafora disease (LD) (OMIM no. 254780) is a fatal autoso-
mal-recessive neurodegenerative disease that belongs to the 
group of progressive myoclonic epilepsies. The disease usually 
manifests in early adolescence with different types of seizures, 
myoclonus, and rapidly progressive deterioration of neuro-
logic function, leading patients to a vegetative state and death 
within ~10 y after diagnosis. The histological hallmarks of LD 
are insoluble intracellular inclusion bodies, termed as Lafora 
bodies (LBs). LBs accumulate in cells of most tissues and 
mainly contain insoluble poorly branched and phosphorylated 
glycogen molecules, called polyglucosans, besides a minor 
fraction of partly ubiquitinated proteins.42–44

Mutations causing LD have been identified in two genes, 
EPM2A45 and EPM2B,46 which encode the proteins laforin 
and malin, respectively. Laforin is a dual-specificity phos-
phatase with a multitude of functions,47 and malin acts as an 
E3-ubiquitin ligase that regulates laforin levels by tagging it 
for degradation.48 A subtype of LD, early-onset LB disease, has 
been recently identified, and the mutated protein PRDM8 was 
shown to interact with both laforin and malin by sequestering 
the two proteins in the nucleus, therefore potentially leading to 
an effective shortage in the cytosol.49

Laforin is involved in the formation of LBs by at least two 
mechanisms. It contains a carbohydrate-binding domain by 
which it can bind glycogen for subsequent dephosphoryla-
tion, thus it may help to prevent the formation of insoluble 
polyglucosans.50–52 Second, it aids protein degradation by 
recruiting substrates to malin for subsequent ubiquitination 
and degradation.48 Importantly, substrates of the functional 
laforin–malin complex include a number of enzymes involved 
in glycogen synthesis, further linking its function to glycogen 
metabolism.47

The laforin–malin complex also appears to have a key role in 
the endoplasmic reticulum–unfolded protein response path-
way as laforin depletion in cells leads to increased endoplasmic 
reticulum stress, which was found to correlate with impaired 
degradation of proteins through the ubiquitin–proteasome 
system and increased apoptosis.53 In addition, proteasome 
inhibition induced accumulation of laforin and malin leads to 
polyubiquitinated protein aggregates that contain chaperone 
proteins and proteasomal subunits and locate to perinuclear 
aggresomes.54 Similarly, LB in laforin-deficient mice recruit 
and potentially sequester proteasomal subunits, endoplasmic 

Figure 4.  Vici syndrome—a paradigm for a multisystem disorder associ-
ated with impaired autophagy. Deficiency of EPG5, a key autophagy 
regulator, leads to impaired autophagy in multiple organ systems, creating 
a complex clinical picture. The role of autophagy in brain development is 
highlighted by impaired neuronal migration and brain development in 
Vici syndrome. Neurodegeneration might also occur. Cargo accumulation, 
such as glycogen storage in skeletal muscle, and impaired turnover of 
mitochondria might also contribute to disease progression.
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reticulum–associated chaperone proteins and the autophagy 
substrate and polyubiquitin-binding protein p62.55 Important 
to protein metabolism in neurodegenerative diseases, the 
laforin–malin complex can suppress cytotoxicity and accu-
mulation of aggregate-prone proteins by interaction with the 
chaperone proteins, heat-shock protein 70 and C-terminus of 
Hsc70-interacting protein, to effectively shuttle target proteins 
to degradation via the proteasome.56–58

Linking LD to autophagy, a recent study provided evidence 
for a role of laforin in the regulation of autophagy, potentially 
through the mTOR pathway.59 In laforin-deficient fibroblasts 
obtained from patients and in mouse embryonic fibroblasts 
and liver tissue derived from laforin knockout mice, the lev-
els of the autophagosome marker LC3-II were significantly 
reduced, indicating compromised autophagosome formation.59 
Accumulating proteins in these models were found to include 
the autophagy substrate p62. Furthermore, protein aggregates 
could be reduced by the overexpression of functional laforin, 
thus providing evidence for a positive regulation of autophagy 
by laforin.59 Consistent with these findings, impaired autoph-
agy was observed in brain tissue of malin knockout mice, and 
experiments in embryonic fibroblasts of these mice revealed 
a block in autophagosome formation similar to that found in 
laforin-deficient cells.60

In contrast, another recent study revealed no changes in 
LC3-II or other autophagy proteins in brain lysates of another 
laforin-deficient mouse model, arguing that autophagosome 
formation and function in the brain of these mice are not 
critically abnormal.55 Nevertheless, the recruitment of crucial 
proteins of the proteasomal, endosomal, and autophagy path-
way to LBs, as observed in laforin-deficient mice55 and brain 

biopsy tissue of a LD patient,61 seems to indicate that second-
ary changes in protein degradation pathways are important 
contributors to neuronal pathology.

In summary, current data provide evidence for a crucial 
involvement of protein degradation pathways in LD. On the 
one hand, abnormal autophagosome formation as a conse-
quence of a genetic defect in the laforin–malin complex appears 
to contribute to neuronal pathology and LB formation; on the 
other hand, defects in late stages of the autophagic pathway 
secondary to LB formation could be critical contributors to 
disease progression (Figure 5). Both scenarios open exciting 
opportunities to explore modulating autophagy to prevent or 
ameliorate disease evolution and progression in LD.

ALEXANDER DISEASE: A LINK TO ADAPTIVE AUTOPHAGY 
IN ASTROCYTES
Infantile-onset Alexander disease (AxD) (OMIM no. 203450) 
is a rare neurological disorder of childhood that is character-
ized by leukodystrophy, megalencephaly, delayed psychomotor 
development, seizures, and spasticity, with progression to death 
within commonly 3–4 y.62,63 AxD is an important example of 
a degenerative brain disorder in which the pathological cas-
cade is primarily driven by astrocyte pathology. The disease 
is caused by autosomal-dominant gain-of-function mutations 
in the gene encoding the glial fibrillary acidic protein (GFAP), 
an intermediate filament of the astrocyte cytoskeleton.64 
Histologically, AxD is characterized by the accumulation of 
Rosenthal fibers (RFs) in astrocytes throughout the white mat-
ter, most prominently in the subpial, perivascular, and subep-
endymal regions.65,66 Major components of RFs are GFAP and 
small heat shock proteins such as α-B-crystallin and Hsp27 

Figure 5.  Impaired protein degradation in Lafora disease. Protein degradation pathways including the ubiquitin–proteasome system (UPS) and 
autophagy are impaired what may promote Lafora body (LB) formation and disease progression. Secondary sequestration of crucial components of 
protein degradation pathways into LBs may enhance existing deficits. Pathological changes in protein degradation pathways are highlighted in red. CHIP, 
C-terminus of Hsc70-interacting protein; ER, endoplasmic reticulum; HSP70, heat-shock protein 70.
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along other ubiquitinated proteins.66 Using different mouse 
models, the accumulation of RFs was shown to be caused by 
mutant GFAP protein and also by overexpression of wild-type 
human GFAP, suggesting that elevation of total levels of GFAP 
is a critical element.67,68 All GFAP mutations discovered in AxD 
patients allow production of functional full-length mutant pro-
tein,69 but mutant GFAP tends to form abnormally large, solu-
ble oligomers,70 and hence, progressive accumulation of mutant 
GFAP impacts protein metabolism in several ways.

Astrocytes and RFs in AxD contain abundant amounts of 
chaperone proteins suggesting cell stress potentially through 
the accumulation of misfolded GFAP. α-B-crystallin is a chap-
erone protein normally found in a pool of soluble cytosolic pro-
teins; however, in cells expressing mutant GFAP, α-B-crystallin 
shifts its localization to a cytoskeletal fraction, likely because 
of increased binding to abundant GFAP.66,71 By genetically 
manipulating the levels of α-B-crystallin in a mouse model of 
AxD, deficiency of α-B-crystallin exacerbates the phenotype, 
causing a dose-dependent increase in mortality.72 Vice versa, 
by increasing α-B-crystallin levels beyond naturally occurring 
levels, AxD mice could be rescued from the otherwise lethal 
effects of GFAP mutation and excess.72

Interestingly, proteasome activity was found to be signifi-
cantly impaired by mutant GFAP, leading to a disruption of 
normal protein turnover, a finding that could be partly reversed 
by expressing α-B-crystallin.70,73 Importantly, proteasome inhi-
bition in AxD has been linked to the induction of autophagy 
via mTOR.74 This is in agreement with the general notion that 

autophagic degradation is enhanced when the proteasome is 
dysfunctional or overwhelmed.16,75–77 Autophagy can degrade 
GFAP, and increased autophagosome formation indicative 
of enhanced autophagic flux was found in astrocytes of AxD 
patients and mutant GFAP mice.74 Surprisingly though, the 
increase in autophagosome generation was not accompanied 
by an overall increase in the degradation of long-lived pro-
teins, suggesting a rather specific modulation of GFAP levels 
as opposed to simply enhancing bulk protein degradation.74 
Blocking autophagy at different stages of the autophagic cascade 
using specific inhibitors resulted in further GFAP accumulation, 
whereas upregulating autophagic flux by starvation or rapamy-
cin treatment suppresses GFAP accumulation. Similarly in Atg5-
deficient mouse fibroblasts, the lack of autophagy was found to 
result in enhanced GFAP aggregation and inclusion formation.74 
Collectively, these findings suggest that rapid mobilization of 
autophagy in AxD may reflect an attempt, although unsuccess-
ful, to remove accumulating GFAP and relief protein burden.66,74

Based on current evidence, AxD can be viewed as a classic 
“proteinopathy” in which accumulating GFAP overwhelms 
the capacity of chaperone-mediated refolding and protea-
somal degradation with accumulating protein burden leading 
to further impairment of these pathways, therefore eventually 
creating a vicious cycle. Crosstalk between protein degrada-
tion pathways drives the induction of autophagy, which how-
ever is not capable of rescuing protein homeostasis, leading to 
cellular dysfunction and spreading degeneration (Figure  6). 
This hypothetical cascade has striking similarities to other 

Figure 6.  Pathological cascade of events in Alexander disease with a focus on altered protein metabolism. Accumulation of mutant glial fibrillary acidic 
protein (GFAP) oligomers may overwhelm the capacity of the chaperone network and proteasomal degradation with accumulating protein burden 
leading to further impairment of these pathways, therefore eventually creating a vicious cycle. Autophagy is induced as a compensatory action but is 
not sufficient to preserve protein homeostasis, which may promote cellular dysfunction and degeneration. Pathological changes in protein degradation 
pathways are highlighted in red, whereas compensatory changes are marked in green.
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proteinopathies such as the synucleinopathies (Parkinson’s 
disease and others),1 what may allow researchers to share com-
mon concepts and findings between these seemingly unrelated 
diseases.

AUTOPHAGY AS A NOVEL THERAPEUTIC TARGET AND 
CONCLUDING REMARKS
Protein degradation pathways have a key role in the develop-
ment and progression of neurodegenerative diseases. In recent 
years, autophagy has emerged as a key pathway in many pedi-
atric neurodegenerative diseases including the examples dis-
cussed in this review. Despite the obvious differences among 
the individual diseases, a common theme can be recognized: 
primary or secondary impairment of autophagy may lead to 
the accumulation of substrates such as proteins, lipids, or even 
organelles like mitochondria. On the other hand, the compen-
satory upregulation of autophagic flux as observed in many 
diseases may become uncontrolled leading to detrimental con-
sequences besides initial cytoprotective effects.

Increased understanding of the role of autophagy in many 
diseases, including common neurodegenerative diseases such 

as Alzheimer’s or Parkinson’s disease, has led to an interest in 
pharmacological- or gene therapy–based approaches to mod-
ulate autophagy1–3,78,79 (Figure 7). Because of similar changes 
in the autophagic pathway in pediatric brain diseases, related 
approaches could possibly be applied, for example, inhibiting 
autophagy in NP-C to ameliorate the induction of defective 
autophagy or enhancing autophagic flux in LD where a block 
in autophagosome has been described. However, a challenge 
for modulating autophagy remains to be the target selectiv-
ity as most if not all-available small-molecule modulators of 
autophagy are rather nonspecific and have collateral targets 
outside the autophagy pathway. In addition, reliable biomark-
ers for measuring autophagy are clearly needed in order to 
determine drug effectiveness and kinetics in patients.

Deciphering mechanisms by which autophagy contributes to 
and can prevent neurodegeneration may lead to the identifica-
tion of novel targets for future diagnostic tests and treatment. 
Although the diseases discussed in this review are rare, the 
extent to which they allow us to understand the contribution 
of autophagy in health and disease is significant. Translating 
these mechanistic insights into therapeutic strategies amenable 

Figure 7.  Signaling pathways involved in the regulation of autophagy and their pharmacological modulators. The main signaling pathways are 
as follows: (i) the mTORC1 pathway, (ii) mTORC1-independent pathways that converge into signaling via IP3 and intracellular calcium release, and 
(iii) a pathway that involves the basic helix-loop-helix leucine zipper transcription factor EB (TFEB)–mediated expression of genes involved in different 
stages of autophagy. Examples of the main pharmacological modulators of autophagy are shown with new compounds being constantly discovered. 
Inducers of autophagy include the following: rapamycin and rapalogs (via mTORC1 inhibition); 10-NC (via AKT1 inhibition); metformin, nilotinib, and 
resveratrol (via AMPK activation); lithium, valproate, and carbamazepine (via inhibition of intracellular inositol synthesis and recycling); calpain inhibi-
tors (via inhibition of calpains); and trehalose (unknown mechanism). Inhibitors of autophagy include the following: 3-MA and wortmannin (via class III 
phosphatidylinositol 3-kinase inhibition); bafilomycin A1 and concanamycin A (via inhibition of the lysosomal V-ATPase); vinblastine (via depolymeriza-
tion of acetylated microtubules); CQ and HCQ (via elevation of the vacuolar/lysosomal pH); leupeptin, E64-D, and pepstatin A (via inhibition of lysosomal 
proteases). 3-MA, 3-methyladenine; 10-NC, 10-[4′-(N-diethylamino)butyl]-2-chlorophenoxazine; AMPK, 5′ AMP-activated protein kinase; CQ, chloroquine; 
HCQ, hydroxychloroquine; IP3, inositol 1,4,5-trisphosphate; mTORC1, mammalian target of rapamycin complex 1; PI3-kinases, phosphatidylinositide 
3-kinases; PKB, protein kinase B; RHEB, Ras homolog enriched in brain; TFEB, transcription factor EB; TSC1, tuberous sclerosis protein 1; TSC2, tuberous 
sclerosis protein 2; ULK1 complex, UNC51-like-kinase 1 complex.
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to clinical testing may eventually provide novel effective thera-
pies for treating pediatric neurodegenerative diseases and 
common adult neurologic disorders.
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