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Abstract

Rare diseases are characterized by their low incidence rates, yet there are numerous types of rare diseases that result in a significant number of
individuals suffering from rare diseases globally. Although some progress has been made in the therapy of rare diseases so far, the geographic
dispersion of the small population suffering from individual rare diseases, the high cost associated with orphan drug development, and other factors
challenge the development of clinical therapeutics for these diseases. Autophagy, a highly conserved degradation process in eukaryotic cells, is
crucial for maintaining cell homeostasis. Research has shown that dysregulation of autophagy contributes to the pathologies of many rare diseases,
like Vici syndrome, Danon disease, and Mesothelioma. A clearer comprehension of how autophagy is involved in rare diseases could help to develop
novel treatment approaches. In this review, we will introduce autophagy briefly, followed by a focus on the connection between rare diseases and
autophagy. The prospects and challenges of targeting autophagy for rare disease treatment will also be discussed..
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Introduction

Rare diseases are characterized by low incidence rates. Al-
though they may not be prevalent, they pose significant threats to
human health. Numerous types of rare diseases have been identi-
fied globally. In China, due to its large population, the total number
of individuals affected by rare diseases is significant. In the past few
decades, some progress have been made in the treatment of rare
diseases, yet numerous challenges remain. Currently, various thera-
peuticapproaches for rare diseases, including small molecule drugs,
monoclonal antibodies, enzyme replacement therapy, and stem cell
therapy, have been devised. However, the availability of these med-
ications and therapies is restricted, leaving many patients without

effective options. Macroautophagy is a cellular process that involves
the formation of autophagosomes, which encapsulate substrates
such as damaged organelles and protein aggregates, transporting
them to lysosomes for degradation. Dysfunction of autophagy is
associated with various rare diseases, including neurological, met-
abolic, muscular, and oncological conditions. A deeper insight into
the link between rare diseases and autophagy may contribute to
the developing of more effective treatment strategies. This review
will describe autophagy, summarize the current progress of its role
in the development of rare diseases, and discuss the prospects and
challenges for rare disease treatment by modulating autophagy.
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Overview of Autophagy

Autophagy is a conserved degradation pathway and is utilized
to degrade aging and damaged organelles as well as macromole-
cules within the cytoplasm in eukaryotes. In mammals, autophagy
has been classified into three types: microautophagy, macroauto-
phagy, and chaperone-mediated autophagy [1]. Among them, mac-
roautophagy is studied mostly. The feature of macroautophagy is
the formation of the double-membrane autophagosomes. Under
stress conditions, like nutrient deprivation, autophagy is initiated,
leading to the formation of the double-membrane isolation mem-
brane (phagophore). This structure wraps around the cargoes and
expands to form an autophagosome. The autophagosome then fus-
es with lysosomes, forming autolysosomes, where the contents are
broken down. The resulting degradation products are released into
the cytoplasm for reuse, thereby maintaining normal cellular func-
tions and homeostasis [2,3]. In the following, macroautophagy is
referred to as autophagy for brevity.

The formation of autophagosomes demands precise regulato-
ry mechanisms, with a series of autophagy-related core proteins
participating in diverse stages of the process. Under starvation
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conditions, the ULK1 complex containing ULK1, FIP200, ATG13,
and ATG101 is activated in mammalian cells, resulting in the induc-
tion of autophagy [4]. The next complex recruited to the isolation
membrane is the PtdIns3K complex which includes Beclin 1, VPS34,
VPS15, and ATG14 [5]. This complex participates in the nucleation
stage by promoting the production of PI3P, which recruits WIPI pro-
teins (WIPI1-4) to the isolation membrane. WIPI proteins, mamma-
lian homologs of yeast Atg18, interact with Atg2. In mammals, all
WIPI proteins, particularly WIPI4, interact with ATG2, which exhib-
its lipid transfer function essential for the expanding of isolation
membrane. Two ubiquitin-like conjugation systems are pivotal for
the elongation and eventual closure of the isolation membrane: the
ATG12-ATG5-ATG16L1 complex [6] and the LC3-PE system [7]. The
formation of the ATG12-ATGS5 conjugate is facilitated by ATG7 and
ATG10, after which ATG16L1 binds to ATG5, leading to the assem-
bly of the ATG12-ATG5-ATG16L1 complex [8]. Meanwhile, proLC3
is processed by ATG4 to generate LC3-I, which is then conjugated
to PE to create LC3-II. Ultimately, mature autophagosomes fuse
with lysosomes, which requires multiple factors, including tether-
ing proteins such as EPG5, the HOPS complex, and PLEKHM1, along
with the SNARE complex (containing STX17-SNAP29-VAMP8 and
YKT6-SNAP29-STX7), and RAB small GTPases.
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Figure 1: Process of macroautophagy. Macroautophagy involves the de novo formation of autophagosomes, which sequesters cellular
components and transports them to lysosomes for degradation. The ULK1 complex is involved in the induction stage of autophagy and the Class
Il PtdIns3K complex is involved in the nucleation stage. The ATG12- ATG5-ATG16L1 and LC3-PE participate in the elogation of the isolation
membrane. The autophagosome then fuses with the lysosome with the participation of HOPS complex, STX17 complex and EPG5 to form an
autolysosome to degrade the substance.

The Involvement of Autophagy in Rare Dis-
eases

Autophagy is a crucial degradative pathway in eukaryotic cells.
Research has shown various rare diseases, such as Vici syndrome,
Beta-Propeller Protein-Associated Neurodegeneration, Danon dis-
ease, and Mesothelioma, are closely linked to the dysfunction of
autophagy. Understanding this relationship is not only essential for

unraveling the pathogenesis of these conditions but also critical for
developing targeted therapies. Below is the relationship between
these rare diseases and autophagy.

Dysregulation of Autophagy in Neurodegen-
erative Disease

Vici Syndrome

Vici Syndrome is an uncommon genetic disorder that impacts
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various systems in the body. It is primarily marked by the absence
of the corpus callosum, along with combined immunodeficiency,
bilateral cataracts, hypopigmentation, and additional characteris-
tics that significantly diminish patients’ overall health and quality
of life. Although the incidence of this disease remains unclear, the
count of reported cases has grown exponentially since Vici, et al.
first described it in 1988 [9].

Vici syndrome results from mutations in EPG5, which is located
on chromosome 18q12.3. Epg-5 was first discovered in C. elegans
as a factor involved in autophagy [10]. Recessive mutations of EPG5
have been found in Vici patients [11]. Clinical studies have shown
that autophagosomes accumulate in the muscles and fibroblasts of
the patients [12]. In the platelets of patients, the LC3-positive punc-
ta was accumulated, indicating a rise in the number of autophago-
somes [13]. Epg5 KO mice display phenotypes similar to those of
Vici syndrome patients [14], and an aggregation of non-degradative
autolysosomes has been noted in Epg5 KO mice, epg-5-deficient
C.elegans, and patient tissues. Nevertheless, the precise mechanism
is unclear.

EPGS5 has been found to be a key factor in the fusion of autopha-
gosomes with endosomes/lysosomes [15]. Specifically, EPG5 func-
tions as a Rab7 effector by binding to Rab7 directly, facilitating its
recruitment to late endosomes/lysosomes [16]. EPG5 also engages
with LC3 and the STX17-SNAP29 Qabc SNARE complex to mediate
the fusion of autophagosome and lysosome. Additionally, in C.ele-
gans, overexpression of the GDP-bound form of RAB-7 could pro-
mote lysosome biogenesis and improve autophagy defects in epg-5
mutants. The RBG-1(GAP for RAB3)-RBG-2 (GEF for RAB18) com-
plex was found to modulate lysosomal biogenesis by regulating the
dynamics of RAB-7 [17]. Vici syndrome poses a significant threat to
human health, so effective treatment strategies must be identified.
The current findings may provide new insights into potential ther-
apeutic approaches for Vici syndrome.
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Beta-Propeller Protein-Associated Neurodegeneration (BPAN)

BPAN is an X-linked dominant neurodegenerative disease
characterized by the accumulation of iron within brain. Patients
commonly exhibit clinical signs such as global developmental de-
lay, which may progress to gait ataxia and mild spasms. WDR45
is responsible for the pathogenesis of BPAN. De novo mutations
of WDR45 have been discovered in individuals with BPAN [18].
Furthermore, the autophagic activity is decreased and autophagic
structures are accumulated in the lymphocytes of BPAN patients.
Similar findings of decreased autophagic activity and iron accumu-
lation have also been noted in patient-derived fibroblasts [19,20].

Since the essential role of WDR45 in BPAN was discovered, var-
ious animal and cellular models were generated to investigate its
function and the role of autophagy in BPAN. For instance, knockout
of the WDR45 homolog EPG6 in C. elegans leads to the early accu-
mulation of autophagic structures, suggesting the role of EPG6 in
the formation of autophagosomes [21]. WDR45 conditional knock-
out mice display phenotypes and autophagic abnormalities similar
to those observed in BPAN patients [22]. Mechanistically, WDR45
performs several functions: first, it binds to ATG2, which has lip-
id transfer activity, to supply phospholipids necessary for the ex-
panding of the isolation membrane. Second, WDR45 and WDR45B
function redundantly and interact with EPG5 to mediate autopha-
gosome-lysosome fusion. Additionally, WDR45 also regulates auto-
phagy by interacting with the AMPK-ULK1 signaling pathway. More-
over, maintaining iron homeostasis is crucial for cellular functions.
Overexpression of WDR45 mutations associated with BPAN in HeLa
cells leads to iron overload [23]. These mutations in WDR45 impair
the autophagic degradation of transferrin receptors, resulting in an
overload of iron and subsequent iron accumulation, which in turn
promotes iron-induced cell apoptosis [24]. The SH-SY5Y neuroblas-
toma cells with the WDR45 knocked out by CRISPR-Cas9 technol-
ogy exhibit a defect in ferritinophagy [25], indicating that WDR45
also participates in ferritinophagy.
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Figure 2: The relationship between Vici syndrome, BPAN, DD, and autophagy. In Vici Syndrome, mutations in EPGS impair its interaction with
Rab7, resulting in failure of autophagosome-lysosome fusion and leading to autophagy dysregulation and the accumulation of undegraded
material. Similarly, in BPAN, mutations in WDR45 contribute to autophagic deficiencies. In DD, mutations in LAMP2 obstruct the fusion of
autophagosomes with lysosomes, further resulting in autophagy defects.

American Journal of Biomedical Science & Research

488



Am ] Biomed Sci & Res

Since autophagy is impaired in BPAN, this indicates that it is
possible to slow down the progression of this disease by modulat-
ing autophagy. Research indicates that the mTOR inhibitor torin
1 can activate autophagy, helping to reduce elevated iron levels
in WDR45 mutant human fibroblasts or neurons. Another mTOR
inhibitor, rapamycin, has been found to decrease apoptosis in
WDR45-deficient cells. Furthermore, depleting O-GlcNAc trans-
ferase (OGT) has been reported to promote autophagy. Inhibiting
SNAP29 0-GlcNAcylation by depleting OGT enhances the formation
of the STX17-SNAP29-VAMP8 SNARE complex. Ji et al. found that
knocking down OGT can rescue autophagy defects in WDR45/45B
double knockout N2a cells.This implies that improving the efficien-
cy of autophagosome-lysosome fusion may serve as a potential
treatment approach for BPAN.

Dysregulation of Autophagy in Cancer
Malignant Mesothelioma

Malignant mesothelioma (MM) is an uncommon and deadly
cancer that mainly affects the pleura, peritoneum, and pericardi-
um [26]. Patients typically present with symptoms like chest pain,
cough, and shortness of breath. This tumor is closely linked to expo-
sure to the carcinogenic mineral fiber asbestos. Upon inhalation, as-
bestos fibers can deposit on the pleural membrane and, in excessive
amounts, may reach the abdomen, leading to apoptosis of the corre-
sponding mesothelial cells [25]. As a consequence, these damaged
mesothelial cells release pro-inflammatory mediators, predomi-
nantly HMGB1, thereby initiating an inflammatory response [27].

Current studies have shown that autophagy is deregulated in
MM. Primary mesothelial cells exposed to various carcinogenic
fibers exhibiting elevated levels of autophagy. HMGB1 modulates
autophagy via the RAGE-mTOR-ULK pathway, as well as phosphor-
ylating Beclin 1. This process enhances autophagy in mesothelial
cells [28], which contributes to the survival and malignant trans-
formation of mesothelioma cells, ultimately resulting in mesothe-
lioma. Therefore, silencing HMGB1 has been demonstrated to de-
crease autophagy and enhance asbestos-induced mesothelial cell
death, which in turn reduces the transformation of these cells [29].

Autophagy represents a potential therapeutic focus for MM.
The specific silencing of STMN1 can reduce the expression of genes
related to apoptosis and autophagy, including caspase-2 and LC3
[30]. The ULK1-specific inhibitor MRT 68921 effectively decreases
autophagy in MM cells while enhancing the efficacy of chemother-
apy. Furthermore, JSI-124 was shown to inhibit the proliferation of
murine MM cells, leading to the induction of both apoptosis and au-
tophagic cell death [31]. As the function of autophagy in mesotheli-
oma is further investigated, novel therapeutic approaches based on
autophagy modulation have the potential to be developed.

Dysregulation of Autophagy in Myopathy
Danon Disease

Danon disease (DD) was named by Danon and his colleagues in
1981. It is an uncommon X-linked multisystem genetic condition,
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with males typically presenting more severe phenotypes than fe-
males. Clinically, patients exhibit symptoms such as skeletal muscle
weakness, psychiatric disorders, and hypertrophic cardiomyopa-
thy.

The pathogenesis of DD is linked to autophagy, a process es-
sential for cellular maintenance. In the skeletal muscle of patients,
large LC3-positive membrane-bound structures were observed
[32]. Muscle biopsies from patients showed inhibited autophagy,
elevated LC3 levels, and accumulation of p62.

A primary cause of DD is LAMP2 deficiency [33]. LAMP2 me-
diates the fusion of autophagosomes and lysosomes [34]. Absence
of LAMP-2 lead to a failure of autophagosome-lysosome fusion.
Though LAMP-2 has three isoforms (LAMP-2A, LAMP-2B, and
LAMP-2C) [35], only mutations in LAMP-2B are associated with DD.
LAMP-2B is particularly significant in autophagy. Research studies,
both in vivo and in vitro, have shown knocking out of LAMP-2B is
sufficient to disrupt autophagic flux, leading to a distinct DD phe-
notype. This suggests LAMP-2A and LAMP-2C may play less signifi-
cant roles in the pathogenesis of DD compared to LAMP-2B.

Since autophagy is vital for cell metabolism and the maintain-
ing of homeostasis, the dysfunction of autophagy in DD not only
disrupts cell function but may also predispose individuals to other
comorbidities. Further investigation into the relationship between
DD and autophagy is essential for understanding its pathological
mechanisms and may provide new insight into future treatment
strategies.

Pompe Disease

Pompe disease, often referred to as glycogen storage disease
type 11, is an uncommon autosomal recessive neuromuscular dis-
ease. This condition is marked by recurrent neurological disorders,
muscle weakness, and progressive motor dysfunction. It is also ac-
companied by symptoms of other organ involvement, such as con-
vulsions, loss of consciousness, ectropion of the eyelid, and blind-
ness. The Pompe disease results from a lack of acid a-glucosidase
(GAA) in lysosomes. GAA is the only enzyme capable of breaking
down glycogen into glucose within lysosomes. Consequently, the
lack of GAA results in the accumulation of glycogen in lysosomes,
primarily affecting the heart and skeletal muscles. As glycogen
builds up in the lysosomal lumen, the lysosomal membrane rup-
tures, releasing glycogen and toxic substances to the cytoplasm, re-
sulting in muscle structural damage [36].

Autophagy has been linked to Pompe disease. Skeletal muscle
relies heavily on autophagy due to their terminal differentiation
state, which prohibits the dilution of abnormal proteins and organ-
elles through cell division [37]. Studies demonstrated that auto-
phagic substances are increased in skeletal muscle fibers of Pompe
disease patients [38]. Both in Pompe disease patients’ myotubes
and primary myoblasts of affected mice, the autophagosomes and
autophagic substances are increased, accompanied by improper
vacuolation and lysosomal acidification, leading to impaired auto-
phagy. Furthermore, autophagy influences GAA maturation and gly-
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cogen clearance, leading to further muscle cell damage [39].

The current FDA-approved Pompe disease treatment is Enzyme
Replacement Therapy (ERT), which exhibits improvement in heart
and respiratory functions. ERT utilizes the mannose-6-phosphate
receptor-mediated pathway for lysosomal enzyme uptake. Howev-
er, it is expensive and unaffordable for many patients. Therefore,
finding new treatments is particularly important. Studies have
shown that combining exercise with ERT may reduce autophagy
obstruction in animal models, suggesting that autophagy may be
crucial in managing Pompe disease.

Discussion

The role of autophagy in the development of human disease has
drawn considerable attention in recent years. As research progress-
es, the significance and potential of autophagy have been further
emphasized. In this review, we summarized the connections be-
tween several rare diseases and autophagy. Those studies indicate
that autophagy may be a potential therapeutic target. Nonetheless,
it is important to highlight that the complexity of autophagy may
pose significant challenges for disease treatment. For instance,
the regulation of autophagy is a multifaceted process that can in-
fluence numerous biological processes. Given the dual functions of
autophagy in various diseases, the question of whether it is more
beneficial to induce or inhibit autophagy remains a crucial consid-
eration. Additionally, the assessment of autophagy activity varies
across studies, leading to some controversial and unreliable find-
ings. While there is still much progress to be made in the autopha-
gy-targeted treatment of rare diseases, we are optimistic about on-
going research that aims to bridge the gap between autophagy and
human health. This review helps to further elucidate the intricate
connection between autophagy and human disease.
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