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Abstract: Sialidosis is a rare autosomal recessive lysosomal storage disorder caused by
mutations in the NEUI gene, resulting in deficient neuraminidase-1 activity and the sub-
sequent accumulation of sialylated compounds in lysosomes. This review comprehen-
sively analyzes the genetic and clinical heterogeneity associated with sialidosis, empha-
sizing the distinction between the milder type I form and the more severe type II form.
Over 90 pathogenic NEU1 variants, predominantly missense mutations, have been iden-
tified, highlighting significant phenotypic diversity. Advancements in genomic sequenc-
ing technologies have facilitated the identification of known and novel mutations, with
population-specific insights elucidating ethnic variability in symptomatology and genetic
profiles. Recent case studies, including a novel compound heterozygous variant, further
illustrate the complexity of the genotype—phenotype correlations. Emerging therapeutic
approaches, such as enzyme replacement therapy and adeno-associated virus-mediated
gene therapy, demonstrate promising potential for restoring neuraminidase-1 function
and improving outcomes in preclinical models. This review emphasizes the critical role of
genetic analysis in diagnosis and management while advocating for continued research
into the molecular mechanisms underlying sialidosis to enable the development of targeted,
personalized treatments.

Keywords: sialidosis; NEU1; lysosomal storage disorder; genetic heterogeneity; enzyme
replacement therapy; gene therapy

1. Introduction
1.1. Background on Sialidosis and NEU1 Gene

Neuraminidase 1 (NEU1) is an essential enzyme expressed by the NEU1 gene and
has a critical functional role in lysosomal activity. This enzyme catalyzes the breakdown
of sialic acid-containing substances within lysosomes by hydrolyzing terminal sialic acid
residues from glycoproteins and glycolipids. A reduction in the enzymatic function of
NEUTI results in the accumulation of sialic acid in various tissues, which is associated with
several clinical manifestations indicative of lysosomal storage diseases [1,2].

Sialidosis, classified into two types (type I and type 1), is a rare autosomal recessive
lysosomal storage disorder caused by mutations in the NEU1 gene. Typically, sialidosis type
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I'manifests in late childhood or early adulthood and is characterized by the progressive de-
velopment of myoclonic ataxia, visual impairment, and the presence of macular cherry-red
spots. Conversely, type II presents with more severe symptoms, including developmental
delay, hepatosplenomegaly, and dysmorphic facial features, and generally presents at an
earlier age [3-5]. The considerable range of clinical manifestations, particularly regard-
ing neurological and ophthalmological complications, underscores the complex nature of
sialidosis and emphasizes the importance of understanding its genetic foundations [6].

1.2. Clinical Presentation and Molecular Pathology

Patients diagnosed with sialidosis frequently present a range of symptoms that sig-
nificantly impact their overall quality of life. The clinical manifestations of this condition
include myoclonus, ataxia, seizures, and visual impairments, with many individuals ex-
hibiting distinctive fundoscopic characteristics, such as macular cherry-red spots, which
serve as critical diagnostic markers. Furthermore, abnormalities identified through optical
coherence tomography have been observed, underscoring the involvement of both the
central nervous system and the retina [7-9].

The molecular pathology of sialidosis is significant heterogeneity, with numerous
mutations identified within the NEUI gene. Over 90 pathogenic variants have been docu-
mented, primarily comprising missense mutations compromising the enzyme’s structural
integrity and functionality [10-14]. These mutations may result in diminished enzymatic
activity, altered subcellular localization, and decreased protein levels, all contributing to
the phenotypic variability observed among affected individuals [10,15]. Understanding
molecular heterogeneity is fundamental to elucidating the complex pathogenesis of the dis-
ease, identifying potential therapeutic targets, and highlighting the importance of genetic
analysis for the accurate diagnosis and effective management of sialidosis.

The relationship between mutations in the NEU1 gene and the resultant clinical fea-
tures is essential for a comprehensive understanding of sialidosis. Ongoing research into
the genetic and molecular mechanisms that underlie this disorder is imperative for en-
hancing diagnosis, treatment, and patient outcomes. This review aims to elucidate the
genetic underpinnings and clinical ramifications associated with sialidosis, highlighting
the significance of identifying novel mutations, including compound heterozygous mu-
tations within the NEU1 gene, as these may offer valuable insights into the disorder’s
heterogeneity. By integrating findings from the existing literature alongside a recent case
study involving a patient with novel mutations, we endeavor to deepen the understand-
ing of sialidosis, thereby facilitating improved diagnostic and therapeutic approaches for
affected individuals.

2. Methodology

This study was conducted as a systematic review to analyze the genetic and clinical
heterogeneity associated with sialidosis, following the PRISMA guidelines. A comprehen-
sive search was performed across the PubMed, Scopus, and Web of Science databases using
the keywords “sialidosis”, “NEUI mutations”, “lysosomal storage disorders”, and “gene
therapy”. The inclusion criteria encompassed peer-reviewed articles published between
1990 and 2024 that focused on genetic mutations, clinical presentations, and therapeutic
strategies related to sialidosis. Case reports, cohort studies, and reviews were included,
while studies lacking detailed genetic or clinical data were excluded. Data were synthesized
to identify trends and gaps in the literature, emphasizing advancements in diagnostic tools,
population-specific variations, and preclinical therapeutic developments. This systematic
approach ensured the inclusion of high-quality evidence to enhance the understanding of
sialidosis and to inform future research directions.
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3. Historical Context and Initial Discoveries

Neuraminidase 1 (or sialidase-1) is an enzyme encoded by the NEU1 gene on chro-
mosome 6p21.33. It has been associated with sialidosis, a rare lysosomal storage condition
marked by the buildup of sialic acid caused by insufficient sialidase activity. Initial discov-
eries in the field identified several variants in the NEU1 gene that were linked to the wide
range of clinical symptoms produced by sialidosis. A study revealed variants in molec-
ular characteristics among NEU1 mutations, resulting in distinct clinical manifestations.
Relevant mutation types that affect the enzymatic activity of the neuraminidase-1 enzyme
include missense mutations, exonic duplications, and minor deletions [16].

Type 1 sialidosis, the milder form of the disorder, is predominantly characterized by
progressive neurological symptoms. Common manifestations include myoclonus, ataxia,
and generalized seizures, often presenting in adolescence or early adulthood. Type II
presents in infancy or early childhood with severe systemic involvement, including coarse
facial features, skeletal abnormalities, hepatosplenomegaly, and a shorter lifespan than
type I patients. Ocular abnormalities, including bilateral macular cherry-red spots, are
hallmark diagnostic features. Ophthalmological findings, such as hyper-reflectivity and
thickening of the retinal nerve fiber layer on optical coherence tomography (OCT), along
with progressive visual impairment, further underscore the multisystemic nature of the
disease [17-23]. Comprehensive cohort studies have facilitated the early recognition of
hallmark clinical features, enabling more precise diagnostic strategies [6,11].

4. Advances in Genetic Analysis

In recent years, significant advancements in large-scale genome sequencing technolo-
gies have revolutionized the detection of pathogenic polymorphisms within the NEU1 gene,
which is fundamental for understanding the genetic basis of sialidosis [24-32]. The ability
to analyze extensive genomic datasets has empowered researchers to uncover uncommon
variants, thereby enhancing our repertoire of known mutations, both novel and previously
characterized. These mutations primarily affect the NEUI gene, which is crucial for proper
sialidase function. For instance, studies have reported a variety of mutations, including
missense, nonsense, and splice donor site mutations, that disrupt the enzyme’s function
and contribute to diverse clinical phenotypes [11,12,33,34]. The application of recombinant
adenoviral expression techniques has allowed researchers to analyze the functional impacts
of these mutations on NEU1 enzyme activity and localization [33]. Variant classification
based on their structural impacts helps to understand how different mutations influence
enzyme functionality and affect clinical outcomes [24]. Further, a study leveraging data
from 7595 individuals successfully identified three established mutations alongside three
new disease-causing variants [10], demonstrating the efficacy of integrating genomic in-
formation with functional evaluations in elucidating the genetic underpinnings of this
disorder. Notably, in silico analytical methods have played a pivotal role in characterizing
missense and frameshift mutations that compromise sialidase activity. These analyses have
not only facilitated the discovery of previously unknown functional alleles but have also
underscored the pathogenic implications of such mutations in determining clinical pheno-
types in individuals affected by type I sialidosis. The insights gained from these advanced
genetic analyses herald a new era for understanding the complexity of sialidosis and the
potential for targeted therapeutic strategies. Such novel findings lay the groundwork for
future research to elucidate further the genotype—phenotype correlations critical for patient
diagnosis, management, and the development of effective interventions.
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5. Clinical Case Studies and Population-Specific Insights

The clinical manifestations of sialidosis vary depending on a patients’ ethnic origins.
Significantly, a comparative investigation has shown notable variations in the occurrence
of symptoms and genetic alterations across Caucasian and Asian populations [16]. For
example, the analysis of sialidosis patients reveals that although the average age at which
myoclonus, ataxia, seizures, and visual symptoms appear are equal in both groups, there
are significant differences in terms of cognitive impairment and ocular manifestations.
Asian patients exhibit a lower incidence of impaired cognition (21.7%) in comparison to
Caucasian patients (50.0%). Additionally, the occurrence of cherry-red patches is also lower
in Asians (40.7% compared to 61.1% in Caucasians, P = 0.02) [16].

A comprehensive understanding of the genetic variability and possible population-
specific health consequences associated with sialidosis requires a thorough examination
of the rates of Neul mutation among various ethnic groups. CLIVAR has annotated
94 probable pathogenic variants in the NEUI gene (Table S1). Through a comprehensive
analysis of the precise sites and types of NEU1 gene mutations, their corresponding protein
alterations, rates among various ethnic groups, and recorded clinical cases, this table facil-
itates a thorough comprehension of the impact of these variations on drug presentation.
It comprises essential clinical information such as the age at which symptoms appear,
gender, clinical type, symptoms such as cherry-red patches, and residual neuraminidase
activity. Notable findings include missense mutations (e.g., Gly277Arg, Arg294Cys) fre-
quently associated with type I sialidosis, while the frameshift mutations (e.g., S403Tfx*85)
are predominantly linked to type II sialidosis. Patients with residual enzymatic activity
often present with milder phenotypes. Severe phenotypes correlate with null mutations.
An exemplary genetic trait is the existence of a prevalent mutational variant, c.544A > G
(p-Ser182Gly), which is primarily observed in Asian patients (particularly the Taiwanese
population) but not in Caucasian populations. The observed mutation shows a founder
effect within the Taiwanese ethnic group, indicating a significant genetic factor that may
impact the disease’s presentation and management [16,35,36].

Figure 1 depicts the structural arrangement of the NEUI gene, emphasizing the
positions of different domains and pathogenic variations. The upper-portion displays the
organization of exons, while the below-portion provides a comprehensive description of the
protein structure, encompassing the signal peptide (SP) and catalytic domains. Pathogenic
variations are identified and shown along the protein sequence, establishing a clear visual
link between genetic mutations and their specific locations within the functional domains
of NEU1. Changes in the flexibility and local polar contacts of the NEU1 protein can
serve as indicators of pathogenicity [24]. The structural changes associated with specific
variants, especially whether they maintain some residual enzymatic activities, are crucial in
determining the severity of sialidosis. Patients with genetically compound forms (having
both mild and severe mutations) tend to exhibit milder forms of sialidosis, supporting the
idea that some functional enzyme activity can mitigate severe clinical manifestations [11].
Comprehensive investigations that integrate genetic analysis with functional and structural
evaluations are crucial for comprehending the influence of new mutations on the function
of the NEU1 gene and the correlation between genotype and phenotype in sialidosis.
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Figure 1. Structural representation and variant locations in the Neul gene. The top part of the
figure shows the linear arrangement of exons (orange boxes) and introns (black lines) in the NEU1
gene. Exons are sequentially numbered from the 5’ to the 3’ end. The bottom part provides critical
structural features and functional domains of NEU1 protein. Five conserved Asp-box motifs (I to
V) are represented by violet bands. The asterisk (*) denotes a nonsense mutation, resulting in the
introduction of a premature stop codon within the gene sequence.

The present investigation involved a patient from Taiwan who exhibited compound
heterozygosity for a hitherto undocumented splicing variant ¢.1021+1G>A and a widely
known variant c.544A > G (Figure 2). A female patient, aged 12, appeared with a medical
history of visual impairment and amblyopia that began at the age of 4. Further genetic
investigation was prompted by observing considerably extended P100 latencies during
visual evoked potential (VEP) testing. In the NEUI gene, the proband and her asymp-
tomatic mother possessed a harmful missense variant exon3:c.544A > G. In contrast, the
proband, her asymptomatic father, and younger sister had a hitherto unreported splicing
variant exon5:¢.1021+1G > A. Analysis of leukocyte lysosomal enzyme activity showed a
notable reduction in neuraminidase-1 activity to 0.021 nmol/mg protein/hour, which is
6.4% of the normal level (reference range 0.326 £ 0.095 nmol/mg protein/hour). This con-
firms the presence of type 1 sialidosis. Pharmacological treatments provided only partial
effectiveness in treating the clinical course characterized by gradual neurological deteriora-
tion, myoclonic convulsions, and deteriorating ataxia. An ophthalmological examination
revealed punctate lens deposits and bilateral macular cherry-red patches, suggesting the
presence of lysosomal storage disease (Figure 3). The patient also presented with myoclonic
convulsions, ataxia, and a gradual decline in visual acuity. The diagnosis was validated by
a comprehensive examination involving genetic testing, neurophysiological exams, and
brain MRI. Neurophysiological studies, including electroencephalogram (EEG) and nerve
conduction velocity (NCV) studies, delineated the extent of neurological involvement,
revealing focal epileptiform discharges and polyradiculopathy. Brain magnetic resonance
imaging (MRI) demonstrated the right parietal lobe with mild surrounding gliosis sugges-
tive of underlying pathological processes. The presence of the compound heterozygous
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state (exon3:c.544A > G and exon5:c.1021+1G > A) in the patient highlights the intricate
genetic components and emphasizes the need for thorough genetic testing in the diagnosis
of sialidosis. From a clinical perspective, the case demonstrates the rapid development
of vision loss, advancing neurological symptoms, and distinctive eye abnormalities, pre-
senting a more comprehensive description of the disease’s phenotype. The extensive
diagnostic paradigm, encompassing genetic analysis, neurophysiological investigations,
and imaging, underscores the need for a meticulous assessment in comprehending and
controlling sialidosis.
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Figure 2. Genetic analysis of the NEU1 gene in the proband and her family. (A) The family pedigree
of the proband. The filled black symbol represents the affected proband (II-1), while open symbols
represent unaffected family members. The black arrow indicates the proband. (B) Sanger sequencing
results showing the identified NEU1 variants. The proband (II-1) carries a compound heterozygosity,
including the previously known missense variant exon3:c.544A > G (p.Ser182Gly) inherited from
her asymptomatic mother (I-1) and a novel splicing variant exon5:c.1021+1G > A inherited from her
asymptomatic father (I-2). The variants are indicated by red arrows. The proband’s younger sister
(II-3) also carries the splicing variant exon5:¢c.1021+1G > A but is unaffected. Sequencing results of
the unaffected family members and a control are provided for comparison.

The occurrence of a wide variety of mutations, such as c.880C > A (p.Arg294Ser) [37]
and c.679G > A (p.Gly227Arg) [32,35,37-42] among various ethnic groups, suggests that
genetic drift and selection play a significant role in determining the occurrence of sialidosis
and other risk factors associated with the disease. The ethnic disparities have far-reaching
consequences for treatment methodologies. Elucidating the genetic foundations of sialidosis
in various cultures can result in customized treatment approaches, especially as progress
in gene therapy and gene editing persists. For instance, identifying particular mutations
within various ethnic groups enables the development of focused treatments that explicitly
target the distinct genetic characteristics of these people. Therefore, understanding the
phenotypic and genotypic variance among different races is crucial for directing future
therapy options for sialidosis and optimizing patient care. Moreover, analyzing the age at
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which symptoms emerge and the age at which they are diagnosed among different ethnic
groups might offer a valuable understanding of the development of sialidosis. It has the
potential to guide focused screening and treatment strategies for impacted groups.

Figure 3. Clinical characteristics of the proband. (A) Slit lamp photography showed scattered small
punctate opacities in the lens. (B) Fundus images revealed cherry-red spots in both maculae (black
arrowhead). (C) OCT showed hyper-reflectivity and thickening of the nerve fiber layer and ganglion
cell layer. NFL: nerve fiber layer. GCL: retinal ganglion cell layer. IPL: inner plexiform layer.

6. Emerging Therapeutic Strategies for NEU1-Related Diseases

Developing functional NEU1 enzymes for therapeutic applications presents several
significant challenges. One primary issue is the effective delivery of the enzyme to the
affected tissues. Ensuring that the NEU1 enzyme reaches its target cells and tissues in a
functional state is complex due to its specific biological requirements and the diverse nature
of tissues affected by NEUT mutations. Moreover, NEU1 substrates vary widely among
different tissue types, necessitating a highly tailored approach to therapy.

Enzyme replacement therapy (ERT) is a prominent therapeutic strategy being explored
for treating NEUI mutations. ERT involves administering a recombinant form of the
deficient enzyme to restore normal function and alleviate disease symptoms. Research
efforts have investigated the impacts of short-term, high-dose ERT in various mouse models,
yielding promising results that suggest this approach may not only boost residual NEU1
activity but also mitigate kidney damage associated with the disease [43]. However, one of
the primary hurdles is the immunogenicity of the NEU1 enzyme itself, which complicates
the application of ERT. The immune response can lead to adverse effects, necessitating a
careful approach to treatment design. Researchers must prioritize engineering enzymes
with enhanced stability and prolonged half-lives to ensure sustained therapeutic efficacy.
Additionally, these formulations should be specifically designed to minimize immune
responses, which could otherwise compromise the effectiveness of the therapy.

Small molecule therapies targeting NEU1 have garnered significant attention in re-
cent years, given their potential to treat diseases linked to NEUI mutations and defi-
ciencies. These molecules involve diverse biological processes, including cell signaling,
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adhesion, and immune responses [44]. Recent research has identified several promising
small molecules that can stabilize NEU1, enhancing its stability and enzymatic activity.
These small molecules bind to specific regions on the NEU1 enzyme, preventing its degra-
dation and maintaining its functional conformation [45]. This stabilization is crucial for
ensuring the enzyme’s proper function, especially in pathological conditions where NEU1
activity is compromised. The potential therapeutic applications of NEU1 stimulators are
vast, spanning multiple disease categories. For instance, enhancing NEU1 activity could of-
fer new treatment strategies for cardiovascular diseases such as atherosclerosis [46—48] and
ischemic heart disease [49-51], nervous system disorders like Alzheimer’s disease [52] and
epileptic seizures, and various cancers including hepatocellular carcinoma and melanoma.

One of the most promising strategies involves applying adeno-associated virus (AAV) vec-
tors as a delivery system for NEU1 and its chaperone, protective protein/cathepsin A (PPCA).
In preclinical studies utilizing specific mouse models of sialidosis, the co-administration of two
AAV vectors—one containing NEU1 and the other carrying PPCA—demonstrated significant
therapeutic outcomes. Treated mice displayed a marked restoration of NEU1 activity across
multiple tissues, reduced accumulation of sialylated metabolites, and normalization of lysoso-
mal function [53-55]. These encouraging results underscore the potential of AAV-mediated
gene therapy to be translated into clinical applications for human patients suffering from
sialidosis and related lysosomal storage disorders.

Continued research aims to refine these therapeutic strategies, with key investigations
focused on optimizing vector delivery methods and enhancing genetic stability to maximize
therapeutic efficacy. Collaborations between researchers, clinicians, and patient advocacy
groups are crucial in this endeavor, ensuring that preclinical successes are effectively
transitioned into clinical applications. Such cooperative efforts promise to accelerate the
development and implementation of these innovative therapies for sialidosis and lay the
groundwork for similar strategies in treating other lysosomal storage disorders.

7. Limitations and Future Direction

Recent research on NEU1-related diseases, particularly sialidosis, has significantly
advanced our understanding of these conditions’ clinical manifestations and genetic vari-
ations. However, several limitations in this field must be addressed to enhance future
studies. A notable constraint is the often-small sample sizes of patient cohorts, as demon-
strated in various studies focusing on specific populations, which may not fully capture
the diversity of mutations and clinical presentations across different ethnic groups. Addi-
tionally, many studies rely on retrospective analysis, which can introduce biases due to
inconsistencies in diagnostic criteria and reporting practices across research publications.
Furthermore, the complex interplay of genetic and environmental factors in the disease
spectrum is not fully elucidated, limiting the generalizability of findings. To overcome
these challenges, future research should prioritize extensive, multicenter collaborative
studies that include diverse populations and utilize prospective designs to standardize
data collection. Emphasizing genetic testing and cross-disciplinary approaches can also
lead to more precise therapeutic strategies and ultimately improve patient outcomes in
those affected by NEU1-related diseases.

The other primary concern is the genetic and phenotypic variability among patients,
complicating the identification of universal therapeutic approaches. Additionally, many
promising therapies, including gene therapy and enzyme replacement strategies, are still in
preclinical stages, and their efficacy and safety need rigorous validation through controlled
clinical trials. Limited patient populations further constrain the development and testing of
these therapies, potentially leading to statistical biases in study outcomes. Future directions
should focus on expanding patient registries and fostering multicenter collaborations that
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allow for comprehensive data collection and analysis. Moreover, employing innovative
technologies such as machine learning and bibliometric analysis could streamline drug
discovery processes, enabling the identification of new therapeutic candidates tailored
to the diverse genetic profiles associated with NEU1-related diseases. There is a vital
need for ongoing research into not only therapeutic efficacy but also patient quality of life
improvements and integration of supportive care approaches to enhance overall outcomes.

8. Conclusions

The overlapping features between sialidosis and other lysosomal storage disorders
complicate early diagnosis, necessitating molecular genetic testing for confirmation. Identi-
fying new mutations in the NEU1 gene is critical for diagnosing, treating, and investigating
sialidosis. This review underscores the importance of genetic analysis in elucidating
the complexities surrounding this rare lysosomal storage disorder while emphasizing
further exploration into its pathogenic mechanisms to develop tailored therapeutics for
affected individuals.
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