
RESEARCH ARTICLE
Sialidase NEU3 action on GM1 ganglioside is
neuroprotective in GM1 gangliosidosis
Maria L. Allende1, Y. Terry Lee1, Colleen Byrnes1, Cuiling Li1, Galina Tuymetova1, Jenna Y. Bakir1 ,
Elena-Raluca Nicoli2, Virginia K. James3, Jennifer S. Brodbelt3, Cynthia J. Tifft2,* , and
Richard L. Proia1,*
1Genetics of Development and Disease Section, Genetics and Biochemistry Branch, National Institute of Diabetes and
Digestive and Kidney Diseases, and 2Medical Genetics Branch, National Human Genome Research Institute, National
Institutes of Health, Bethesda, MD, USA; 3Department of Chemistry, University of Texas at Austin, Austin, TX, USA
Abstract GM1 gangliosidosis is a neurodegenerative
disorder caused by mutations in the GLB1 gene, which
encodes lysosomal β-galactosidase. The enzyme defi-
ciency blocks GM1 ganglioside catabolism, leading to
accumulation of GM1 ganglioside and asialo-GM1
ganglioside (GA1 glycolipid) in brain. This disease
can present in varying degrees of severity, with the
level of residual β-galactosidase activity primarily
determining the clinical course. Glb1 null mouse
models, which completely lack β-galactosidase
expression, exhibit a less severe form of the disease
than expected from the comparable deficiency in
humans, suggesting a potential species difference in
the GM1 ganglioside degradation pathway. We hy-
pothesized this difference may involve the sialidase
NEU3, which acts on GM1 ganglioside to produce GA1
glycolipid. To test this hypothesis, we generated Glb1/
Neu3 double KO (DKO) mice. These mice had a
significantly shorter lifespan, increased neuro-
degeneration, and more severe ataxia than Glb1 KO
mice. Glb1/Neu3 DKO mouse brains exhibited an
increased GM1 ganglioside to GA1 glycolipid ratio
compared with Glb1 KO mice, indicating that NEU3
mediated GM1 ganglioside to GA1 glycolipid conver-
sion in Glb1 KO mice. The expression of genes asso-
ciated with neuroinflammation and glial responses
were enhanced in Glb1/Neu3 DKO mice compared
with Glb1 KO mice. Mouse NEU3 more efficiently
converted GM1 ganglioside to GA1 glycolipid than
human NEU3 did. Our findings highlight NEU3’s
role in ameliorating the consequences of Glb1 deletion
in mice, provide insights into NEU3’s differential
effects between mice and humans in GM1 gangliosi-
dosis, and offer a potential therapeutic approach for
reducing toxic GM1 ganglioside accumulation in GM1
gangliosidosis patients.
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GM1 gangliosidosis is a rare lysosomal storage disor-
der that affects the central nervous system, resulting in
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the accumulation of GM1 ganglioside and asialo-GM1
ganglioside (GA1 glycolipid) in the brain (1, 2). The
disease is caused by mutations in the GLB1 gene, which
encodes for acid β-galactosidase, an enzyme responsible
for removing the terminal β-linked galactose from
glycolipids and other substrates. The age of onset and
severity of symptoms in GM1 gangliosidosis patients
depend on the amount of residual β-galactosidase ac-
tivity permitted by each patient’s particular GLB1 gene
mutation(s).

Infantile GM1 gangliosidosis, known as type I, is the
most severe form of the disease, characterized by little
or nondetectable β-galactosidase activity. Infants with
this form of the disease show rapid and progressive
neurodegeneration, leading to death within the first
few years of life. Juvenile and adult presentations,
known as type II and type III, respectively, are milder
forms of the disease, due to the presence of some
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residual β-galactosidase enzymatic activity. These forms
are characterized by slower disease progression and
longer survival times. Interestingly, Glb1 null mouse
models, which totally lack lysosomal β-galactosidase
activity, exhibit a less severe form of the disease than
expected based on comparable enzyme deficiencies in
humans (3), suggesting the existence of a disease-
modifying GM1 ganglioside degradation pathway in
mice.

In this study, our objective was to investigate the
underlying reason for the discrepancy in disease
severity between humans and mice with null GLB1/Glb1
genes. Our findings suggest that enhanced activity of
the sialidase NEU3 (4–7) in the mouse ganglioside
catabolism pathway, as compared with the human sys-
tem, contributes to this difference. Consequently, our
results identify the sialidase NEU3 as a potential ther-
apeutic target for reducing toxic GM1 ganglioside
accumulation in individuals with GM1 gangliosidosis.
MATERIALS AND METHODS

Mouse generation and characterization
Glb1 KO mice were generated using CRISPR/Cas9 as

described (3). The mutant mice carry a 17 bp deletion in exon
2 and a 28 bp deletion in exon 6. The deletion in exon 2 re-
sults in a frameshift and predicted premature termination
within exon 3 (3).

Glb1 KO mice were genotyped by PCR of tail-snip DNA
using the following primers and PCR conditions:

Glb1_ex6_For 5′- CTGCTGATCTCTGGTCCTCCTT -3′
Glb1_ex6_Rev 5′- TCTAGATGCTACCTACACACACC -3′
PCR conditions were as follows: denaturation, 94◦C for

10 min; amplification, 94◦C for 15 s, 62◦C for 10 s, 72◦C for 20 s;
and extension, 72◦C for 7 min (40 cycles). The expected
product size for the Glb1_WT allele is 242 bp and for the
Glb1_targeted allele is 214 bp.

To generate Neu3 KO mice, four single guide RNAs (Syn-
thego, Redwood City, CA) corresponding to sequences on
exon 2 (ACCGGATCCCAGCCCTGCTG, GCGGACCT-
CAGTCAGAGATG) and on exon 3 (GAGAGGTGCCA-
GATTGTGTG, CTACTCAGAAGTGCCCTCTG) and Cas9
protein (Synthego) were microinjected into C57BL/6J mouse
embryos. The injected embryos were implanted into pseudo-
pregnant surrogate female mice (8). The offspring were
screened by PCR to identify mice carrying insertions or de-
letions in exon 2/3. The following primers flanking exon 2
were used:

Neu3_Exon2_For 5′- CTAGAGAACAGAGTTGTTGCA
TGAGG -3′

Neu3_Exon3_Rev2 5′- GGTTCCGGTTGTAGTAGATG
CCTA -3′

A founder mouse carrying a 10,043 bp deletion that
included exon 2 and a portion of exon 3 was identified
(supplemental Fig. S1A). This founder mouse was backcrossed
to C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME)
to derive mouse colonies carrying the Neu3 KO allele.

Neu3 KO mice were genotyped by PCR of tail-snip DNA
using the following primers and PCR conditions:

Neu3_For1 5′- CTAGAGAACAGAGTTGTTGCAT
GAGG -3′
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Neu3_Rev13 5′- GAGGCCTGTAGCAGTGAATTAGT-
TAAAC -3′

Neu3_Rev5 5′- GCTAGTTGGATGTGAGTACAAGAG -3′
PCR conditions were as follows: denaturation, 94◦C for

10 min; amplification, 94◦C for 30 s, 63◦C for 30 s, 72◦C for
1 min; and extension, 72◦C for 7 min (40 cycles). The expected
product size for the Neu3_WT allele is 502 bp and for the
Neu3_targeted allele is 328 bp.

Ataxia was quantified to determine disease severity.
Briefly, each animal was subjected weekly to a set of six as-
sessments, adapted from (9), which were recorded on a scale
of 0–3 (0 represented absence of the abnormal phenotype and
3 represented the most severe manifestation). The score was
produced using the sum of the six assessment values for a
single mouse. The measures used were as follows: the ledge
test to measure coordination; hindlimb clasping; gait to test
coordination and muscle function; kyphosis as a manifesta-
tion of neurodegeneration; stance; and hindlimb locomotion.
In addition, mice were weighed weekly, starting at 4 weeks of
age.

All animal procedures were approved by the National
Institute of Diabetes and Digestive and Kidney Diseases Ani-
mal Care and Use Committee and were performed in accor-
dance with National Institutes of Health guidelines.
GM1 gangliosidosis patient samples
The GM1 gangliosidosis tissue samples included in this

study were from patients enrolled in National Institutes of
Health protocol, “Natural History of Glycosphingolipid Stor-
age Disorders and Glycoprotein Disorders” (IRB# 09-HG-0107,
NCT00029965), approved by the National Human Genome
Research Institute Institutional Review Board. Patient samples
were acquired with parental consent. All studies involving
human subjects abide by the Declaration of Helsinki
principles.
Glycosphingolipid extraction and analysis
Total lipids were isolated from mouse brain (one hemi-

sphere) and from a portion of cerebral cortex from male
infantile GM1 gangliosidosis patient using three sequential
extractions: 10 volumes (vol) (v/weight) each of chlor-
oform:methanol (C:M) (1:1 v/v), then 10 vol of C:M (1:2 v/v),
and finally 10 vol of C:M:water (W) (30:60:8 v/v/v), each time
for 16 h at room temperature. The combined lipid extracts
were dried under nitrogen, dissolved in 9 ml C:M (2:1 v/v), and
partitioned into two phases after the addition of 0.2 vol of
0.1 M KCl (10).

Gangliosides were enriched from the upper (aqueous)
phase as follows. The upper phase was desalinated using a
Sep-Pak C18 column (part # WAT020805; Waters, Milford,
MA), previously washed with 3 column vol of methanol, 5
column vol of M:W (1:1 v/v), and 2 column vol of 0.1 M KCl.
After sample application, columns were washed with 5 col-
umn vol of water and gangliosides eluted by adding 2 ml of
methanol followed by 6 ml of C:M (1:1 v/v). The eluate was
dried and then dissolved in 200 μl of C:M:W (30:60:8 v/v/v).
A 10 μl aliquot was applied to high-performance TLC
(HPTLC) plates (catalog # 1.05641.0001, Supelco, Sigma-
Aldrich, Burlington, MA) and developed in C:M:0.2% CaCl2
(55:45:10 v/v/v) or in C:M:0.25% CaCl2 (60:35:8 v/v/v). Gan-
gliosides were detected on the plates using resorcinol-HCl
spray (11) as blue-violet bands. Individual gangliosides were
identified by comparison with bovine brain ganglioside
standards (catalog # 1065; Matreya LLC, State College, PA)



and monosialogangliosides standards (catalog # 1508;
Matreya LLC) applied on the same HPTLC plate.

Glycosphingolipids were enriched from the lower (organic)
phase as follows. After mild alkaline treatment in 0.1 N NaOH
at 40◦C for 2 h, extracts were neutralized with 2 M acetic acid,
then partitioned into two phases after the addition of 0.2 vol
of 0.1 M KCl. The second lower phases were dried under ni-
trogen, resuspended in 3 ml of methanol, and partitioned with
5 ml of n-hexane. The lower methanol-rich phase was sepa-
rated, dried under nitrogen, and resuspended in 200 μl of C:M
(1:1 v/v).

To determine amounts of GM1 ganglioside and GA1
glycolipid in brain, a 10 μl aliquot of upper organic phase plus
a 10 μl aliquot of lower aqueous phase corresponding to the
same brain tissue sample were applied to the same lane on an
HPTLC plate. The plate was run in C:M:0.25% CaCl2 (60:35:5
v/v/v), treated with orcinol spray (12), and imaged on the
Amersham Imager 680 (Cytiva, Marlborough, MA) for quan-
tification using ImageQuant TL software (Cytiva). Absolute
amounts of GM1 ganglioside and GA1 glycolipid in mouse
brain were determined based on a standard curve generated
with known quantities of GM1 ganglioside (mono-
sialogangliosides standards, catalogue # 1508; Matreya LLC)
and GA1 glycolipid (catalogue #3018, Sigma-Aldrich).
LC-MS/MS of gangliosides
Dried ganglioside extracts were reconstituted in DMSO to

∼3 μg/μl, which were further diluted to ∼30 ng/μl in LC
starting conditions (15% mobile phase B). A Dionex Ultimate
3000 UHPLC system (Thermo Fisher Scientific, Waltham,
MA) was coupled to a Orbitrap Fusion Lumos mass spec-
trometer (Thermo Fisher Scientific) modified to perform ul-
traviolet photodissociation (UVPD) via a 193 nm Coherent
ExciStar XS excimer laser (Santa Clara, CA), as previously
described (13). An Agilent Poroshell 120 EC-C18 column
(3 mm × 150 mm, 2.7 μm particles) (Agilent, Santa Clara, CA)
was used for chromatographic separations with mobile phases
(A) 60:40 acetonitrile/W (v/v) and (B) 90:10 v/v isopropanol/
acetonitrile, both with 0.1% formic acid and 10 mM ammo-
nium formate. A flow rate of 250 μl/min was used with a
linear gradient of 15%–90% mobile phase B over 20 min,
followed by a flush for 3 min with 90% mobile phase B, and
then re-equilibrated for 5 min with 15% mobile phase B
before injection of the next sample. The column temperature
was 40◦C, and ∼300 ng of each sample was injected. A data-
dependent method was implemented with UVPD (7 pulses,
2.5 mJ per pulse) to generate MS2 UVPD spectra of the top
eight most abundant precursor ions in the MS1 spectra. This
UVPD data was only used for identification of gangliosides,
not quantitation. A resolution of 30,000 (m/z 200) and two
μscans were used for acquisition of both MS1 and UVPD
spectra. Three technical replicates were collected with only
MS1 spectra for the quantitation of gangliosides in each of the
three biological replicates for each sample group.

UVPD fragmentation was used to manually identify all
gangliosides by comparing fragments to theoretical frag-
ments derived by the LIPID Metabolites and Pathways Strat-
egy structure database (www.lipidmaps.org). As described in a
prior report, UVPD provides detailed fragmentation patterns
of gangliosides, including fragment ions that originate from
cleavages of acyl chain bonds that enable the elucidation of
acyl chain length (14). Extracted ion chromatograms were
generated in Qual Browser (Thermo Fisher Scientific) for
each ganglioside in each technical replicate, and each peak
area was calculated using the Genesis algorithm in Qual
Browser. Peak areas were summed for all gangliosides in each
replicate, and the peak area for each individual ganglioside
was reported as the percentage of total ganglioside peak area.
Peak area for each biological replicate was determined from
the average of three technical replicates per sample. There
were three biological replicates per sample group, and their
average peak area and SDs are reported in supplemental
Fig. S1C.
Western blotting
Fibroblast and brain extracts were prepared in RIPA lysis

and extraction buffer (Thermo Fisher Scientific) supple-
mented with HALT protease inhibitor cocktail (Thermo
Fisher Scientific) and HALT phosphatase inhibitor cocktail
(Thermo Fisher Scientific). Samples were incubated 30 min on
ice and later spun at 13,000 RPM at 4◦C for 15 min. Samples
(30 μg) were resolved on a 4%–12% Bis-Tris gel (Thermo
Fisher Scientific) together with a molecular weight protein
standard (LC5800, Thermo Fisher Scientific), then transferred
to nitrocellulose membranes using the iBlot2 Blotting System
(Thermo Fisher Scientific). The membranes were blocked in
5% nonfat dry milk, 0.05% Tween 20 in TBS, then probed with
antibodies against Strep-Tag II to detect NEU3 fusion pro-
teins (catalog # MA5-37747; Thermo Fisher Scientific) or p62/
SQSTM1 (catalog # P0067; Sigma-Aldrich). Primary antibodies
were detected by incubation with a secondary goat anti-rabbit
IgG, peroxidase-conjugated antibody (catalog # AP132P;
Sigma-Aldrich). Membranes were reprobed with anti-mouse
β-actin (monoclonal AC-15, HRP-conjugated, catalog #
ab49900) from Abcam (Cambridge, MA) to provide a loading
control. Membranes were developed using the chem-
iluminescence reagents (ECL Prime Western blotting System,
catalog # GERPN2232; Sigma-Aldrich), signals visualized us-
ing the Amersham Imager 680 imager and quantified using
ImageQuant TL software.
RNA-seq analysis
Brains (n = 5) from WT, Glb1 KO, Neu3 KO, and Glb1/Neu3

DKO mice were harvested at 20 weeks of age. RNA-seq
analysis was performed as described (15). Briefly, total RNA
from one brain hemisphere was isolated using the miRNeasy
Mini Kit from Qiagen (catalog # 217004; Redwood City, CA).
Preparation of the RNA library, mRNA sequencing, and
bioinformatic analysis was performed by Novogene (Beijing,
China). Libraries were sequenced on an Illumina PE150
platform (Illumina, San Diego, CA) for 40 million paired-end
reads for each sample. All high-quality clean reads were
mapped to reference genome mm10 (GRCm38) using hisat2
(version 2.0.5). Gene expression quantification was per-
formed using featureCounts (version 1.5.0-p3) and differen-
tial analysis performed using DESeq2 (version 1.20.0). Genes
were considered differentially expressed when the expres-
sion levels between samples showed a 2-fold change (log2(-
fold-change) >+1 or <−1) with adjusted P < 0.05. Pathway
enrichment Gene Ontology analysis was performed using
clusterProfiler (version 3.8.1) with corrected P-value set to
<0.05 for significant enrichment.
Brain silver staining
NeuroSilver staining was performed by FD Neuro-

Technologies (Columbia, MD) using the FD NeuroSilver kit II
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to detect degenerating neurons. Sagittal brain sections were
cut at 40 μm, stained, and then imaged under a Keyence mi-
croscope (Model BZ-X800; Keyence, Itasca, IL). To quantify
the silver staining of the brains, three Z-stacks (22–37 images
per stack) were captured from brain stem, thalamus, and
cortex from three mice per genotype under a 40×-oil objec-
tive using the same microscope settings. The silver-stained
area for each stack was quantified by thresholding using
Fiji/ImageJ (16).

BODIPY-GM1 ganglioside degradation in human
fibroblasts

Human fibroblasts from an infantile GM1 gangliosidosis
patient carrying two heterozygous GLB1 mutations, c.176G>A
(Arg59His) and c.765G>C (Gln255His), were generated from a
skin biopsy. Fibroblast were grown in DMEM Glutamax (cat-
alog #10569044, Thermo Fisher Scientific) supplemented with
10% fetal bovine serum and 100 U/ml penicillin-streptomycin
(catalog #10140148, Thermo Fisher Scientific). Viral trans-
duction was performed by plating 100,000 cells in a 24-well
tissue culture plate until they achieved 50%–70% con-
fluency, then cells were incubated with lentiviral particles
(VectorBuilder, Chicago, IL) carrying mouse Neu3, human
NEU3, or a control vector (supplemental Fig. S2) at a multi-
plicity of infection of 10. Puromycin (Thermo Fisher Scienti-
fic) was added 48 h posttransduction at 1 μg/ml to obtain
stable expression after 7 days.

Transduced fibroblasts were seeded into 6-well plates (3 ×
105 cells per well) and, after 72 h, incubated with 2 μM
BODIPY-GM1 ganglioside (catalog # 33799, Cayman, Ann
Arbor, MI) in DMEM, 10% FBS for 72 h at 37◦C. Fibroblasts
were then harvested, and lipids were extracted with C:M (2:1
v/v) overnight at room temperature. Total lipid extracts
were separated by HPTLC using C:M:0.25% CaCl2 (60:35:5
v/v/v). BODIPY-labeled GM1 ganglioside and GA1 glyco-
lipid were identified using BODIPY-labeled standards run
on the same plate. Labeled bands were visualized using the
Amersham Imager 680 imager and quantified using
ImageQuant TL software. BODIPY-GA1 glycolipid standard
was generated after hydrolysis of BODIPY-GM1 ganglioside
(Cayman) with Clostridium perfingens neuraminidase (catalog #
11 585 886 001, Sigma-Aldrich, St. Louis, MO) as previously
described (17).

Real-time quantitative PCR
Total RNA was isolated from WT, Neu3 KO, and Glb1 KO

mouse brain using miRNeasy Mini Kit (catalog #217004,
Qiagen, Redwood City, CA) following manufacture’s proto-
col. Two micrograms of total RNA were reversed transcribed
into cDNA using SuperScript IV VILO Master Mix (cata-
logue #11756050, Thermo Fisher Scientific) following man-
ufacture’s protocol. The real-time quantitative PCR was
conducted with 5 ng of cDNA from each genotype using
Quant Studio 7 with TaqMan Gene Expression Master Mix
(catalog #4369016, Thermo Fisher Scientific). TaqMan probe
for mouse Neu3 (mouse Neu3: Mn00479379_m1) and β actin
(Actb: Mn00607939S1) were purchased from Thermo Fisher
Scientific. Relative gene expression analysis was performed
with β actin as endogenous control.

Statistical analyses
Comparisons were analyzed for statistical significance us-

ing unpaired t test or one-way Anova with Bonferroni
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correction. All results were presented as means ± SD, and a
value for P < 0.05 was considered statistically significant.

RESULTS

Neu3 disruption increases disease severity in Glb1KO
mice

Genetic disruption of the gene encoding for lyso-
somal β-galactosidase, Glb1, in mice causes GM1 gangli-
oside and GA1 glycolipid accumulation in the brain,
progressive neurodegeneration, and a shortened life-
span (18–22). However, Glb1 KO mice resemble the less
severe type II form of the disease in humans, instead of
the most severe type I infantile form as would be ex-
pected from the null Glb1 mutations (3). This outcome
suggested that a disease-modifying pathway that miti-
gates the consequences of Glb1 deletion may exist in
mice. Previous studies have described a mouse-specific
alternative catabolic pathway, involving the sialidase
NEU3 for the degradation of GM2 ganglioside (Fig. 1A)
that is less active in humans (6). To investigate whether
NEU3 also contributes to GM1 degradation and symp-
tom amelioration in GM1 gangliosidosis mice, we first
generated a Neu3 KO mouse line by CRISPR/Cas9 gene
disruption (8) that carried an approximately 10 kb
deletion, which included the entire Neu3 exon 2 and the
coding region in exon 3 (supplemental Fig. S1A). No
Neu3 mRNA expression was detected in the brains of
Neu3 KO mice, confirming a null allele (supplemental
Fig. S1B). LC-MS/MS profiling revealed that WT and
Neu3 KO brain lipid extracts displayed a similar spec-
trum of ganglioside species (supplemental Fig. S1C).
Neu3 KO mice appeared grossly normal as has been
described for another independently derived Neu3 KO
mouse line (23).

The Neu3 and Glb1 KO mice were then bred to pro-
duce Glb1/Neu3 DKO mice. The Glb1/Neu3 DKO mice
began losing weight after about 15 weeks and died be-
tween 20 and 24 weeks of age. This course was sub-
stantially earlier than what was observed for the Glb1
KO mice, which started to lose weight after 30 weeks of
age and died between 44 and 47 weeks of age
(Fig. 1B–D). Compared with the Glb1 KO mice, the Glb1/
Neu3 DKO mice displayed a significantly higher ataxia
score between 14 and 22 weeks of age, consistent with a
worsened neurodegenerative phenotype (Fig. 1E). The
WT and Neu3 KO mice did not show weight loss, pre-
mature demise, or signs of ataxia over time (Fig. 1B, C).
Compared with the brains of WT or single KO mice,
the brains of the Glb1/Neu3 DKO mice contained
significantly increased levels of p62 (supplemental
Fig. S3), an indicator of impaired autophagy, as has
been demonstrated in several lysosomal storage dis-
eases with neurodegeneration (24). These results
demonstrate a critical role of the sialidase NEU3 in
extending the life span and ameliorating the neuro-
degenerative phenotype caused by the Glb1 deletion in
mice.



Fig. 1. Neu3 disruption increases disease severity in Glb1 KO mice. A: Schematic illustrating the degradation pathway of GM1
ganglioside. B, C: Kaplan–Meier survival plot (B) and mean survival (C) for female and male Glb1 KO and Glb1/Neu3 DKO mice. Data
are expressed as percent survival at each time (B) and as mean lifespan (C). Statistical significance was determined by one-way
ANOVA with Bonferroni correction, ****P < 0.0001. Glb1 KO females, n = 5; Glb1 KO males, n = 9; Glb1/Neu3 DKO females, n =
33; Glb1/Neu3 DKO males, n = 21. D: Body-weight progression determined weekly for WT, Neu3 KO, Glb1 KO, and Glb1/Neu3 DKO
mice. Top graph, female mice; bottom graph, male mice. Data are expressed as means ± SD for each timepoint. WT females and
males, n = 11; Neu3 KO females and males, n = 15; Glb1 KO females, n = 11 and males, n = 14; Glb1/Neu3 DKO females, n = 21 and
males, n = 11. E: Quantification of disease severity through ataxia phenotype scoring. Mice were scored weekly based on six pa-
rameters for 45. Each measurement was recorded on a scale of 0 (no symptoms) to 3 (most severe), with a combined total ataxia score
from 0 to 18. Scores for the time period shown on the graph were grouped and averaged. x, Glb1/Neu3 DKO mice did not survive
beyond 22 weeks of age. Data are expressed as means ± SD. Statistical significance was determined by one-way ANOVA with
Bonferroni correction, **P < 0.01; ****P < 0.0001. WT: 8–13 weeks, n = 18; 14–17 weeks, n = 8; 18–22 weeks, n = 3, 23–30 weeks, n = 2;
31–40 weeks, n = 4, 41–45 weeks, n = 22. Neu3 KO: 8–13 weeks, n = 2; 14–17 weeks, n = 4; 18–22 weeks, n = 4, 23–30 weeks, n = 4;
31–40 weeks, n = 5, 41–45 weeks, n = 6. Glb1 KO: 8–13 weeks, n = 7; 14–17 weeks, n = 14; 18–22 weeks, n = 11, 23–30 weeks, n = 9;
31–40 weeks, n = 23, 41–45 weeks, n = 32. Glb1/Neu3 DKO: 8–13 weeks, n = 33; 14–17 weeks, n = 30; 18–22 weeks, n = 16. Cer, ceramide;
DKO, double KO; GlcCer, glucosylceramide; LacCer, lactosylceramide.
GM1 ganglioside to GA1 glycolipid conversion is
blocked in Glb1/Neu3 DKO mouse brain

We determined ganglioside and neutral glyco-
sphingolipid levels in the brains of 20-week-old WT,
Glb1 KO, Neu3 KO, and Glb1/Neu3 DKO mice by
HPTLC. The results showed that the ganglioside and
neutral glycosphingolipid patterns in the Neu3 KO
brain were similar to those observed in the WT brain
(Fig. 2A, B). However, both Glb1 KO and Glb1/Neu3
DKO brains from 20-week-old mice exhibited an
accumulation of GM1 ganglioside and GA1 glycolipid
(Fig. 2A, B). The Glb1KO brains had lower levels of GM1
ganglioside than the Glb1/Neu3 DKO brains. On the
other hand, the GA1 glycolipid levels in Glb1 KO brains
NEU3 is neuroprotective in GM1 gangliosidosis 5



Fig. 2. GM1 ganglioside to GA1 glycolipid conversion is blocked in Glb1/Neu3 DKO mouse brain. Brains from Glb1/Neu3 DKO, Glb1
KO, Neu3 KO, and WT mice were harvested at 20 weeks of age (n = 3 each genotype) and fractions that contain gangliosides
(aqueous) and other glycosphingolipids (organic) were analyzed. Representative images were included in A–C. A: Aqueous fraction;
an equivalent of approximately 13 mg wet-brain weight was applied to an HPTLC plate, developed in C:M:0.2% CaCl2 (55:45:10 v/v/v),
and visualized using resorcinol. Major gangliosides were identified using standards run on the same HPTLC plate. B: Organic
fraction; an equivalent of approximately 13 mg wet-brain weight was applied to an HPTLC plate, developed in C:M:W (60:25:4 v/v/v),
and visualized using orcinol. Major neutral glycosphingolipids were identified using standards run on the same HPTLC plate. C:
Aqueous and organic fractions equivalent to 0.65 mg wet-brain weight were applied to the same lane on an HPTLC plate, developed
in C:M:0.25% CaCl2 (60:35:5 v/v/v), and visualized using orcinol. GM1 ganglioside and GA1 glycolipid positions were identified using
standards run on the same HPTLC plate. D–F: Quantification of band intensities from the HPTLC plate in (C). Standard curves of
known amounts of GM1 ganglioside and GA1 glycolipid run on the same HPTLC plate were used to determine the total amounts of
GM1 ganglioside and GA1 glycolipid for each mouse brain. Data are expressed as means (three mice per genotype). Statistical sig-
nificance was determined by one-way ANOVA with Bonferroni correction, ***P < 0.001, ****P < 0.0001. n = 3 for each genotype. GA1,
GM1 and asialo-GM1 ganglioside; HPTLC, high-performance TLC.
were higher than in Glb1/Neu3 DKO brains (Fig. 2C–F).
These findings suggest that the absence of the sialidase
NEU3 in Glb1/Neu3 DKO mice impedes the removal of
sialic acid from GM1 ganglioside to form GA1 glyco-
lipid. Importantly, the total combined level of GM1
ganglioside and glycolipid GA1 was not significantly
different between Glb1/Neu3 DKO and Glb1 KO brains
(Fig. 2F). This finding implies that once NEU3 converts
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GM1 ganglioside to glycolipid GA1 in the Glb1 KO, any
further degradation is blocked.

Neuroinflammatory and glial reaction gene
expression is enhanced in Glb1/Neu3 DKO mouse
brain

We conducted RNA-seq analysis on the brains of 20-
week-old Glb1/Neu3 DKO, Glb1 KO, Neu3 KO, and WT



mice. The results revealed that the top Gene Ontology
Biological Process categories, ranked by significance
when comparing Glb1/Neu3 DKO and WT mice, were
primarily associated with immune and inflammatory
responses (Fig. 3A). The heatmap analysis of genes
within the positive regulation of cytokine production
category across the four genotypes demonstrated a
Fig. 3. Neuroinflammatory and glial reaction gene expression is e
DKO, Glb1KO, Neu3 KO, andWTmice were harvested at 20 weeks of
10 GO: Biological Process categories that are differentially regulated
the mean row Z-score of individual gene expression for each gen
category. C: Heatmap indicating the row Z-score of individual gene e
genes between WT and Glb1/Neu3 DKO mice for each genotype. Eac
KO; GO, Gene Ontology.
pattern of substantially higher expression in the DKO
mice than Glb1 KO, Neu3 KO, and WT mice (Fig. 3B).

To visualize the expression of the 25 most significant
differentially expressed genes between Glb1/Neu3 DKO
and WT brains (supplemental Table S1) across all ge-
notypes, we generated a heatmap of gene expression to
include the individual mice in each of the four
nhanced in Glb1/Neu3 DKO mouse brain. Brains from Glb1/Neu3
age (n = 5 each) and RNA isolated for RNA-seq analysis. A: Top
between WT and Glb1/Neu3 DKO mice. B: Heatmap indicating
otype in the GO: Positive Regulation of Cytokine Production
xpression of the top 25 most significant differentially expressed
h vertical column represents an individual mouse. DKO, double

NEU3 is neuroprotective in GM1 gangliosidosis 7



genotypes (Fig. 3C). The results indicated that the DKO
brains displayed elevations in gene expression associ-
ated with astrocytes (Gfap, Aqp4, Aspg) and microglia/
macrophages (Cd68, Hexb, Mpeg1, Trem2, Tyrobp, Gpnmb),
indicating increased glial responses (25–27). Further-
more, genes associated with neuroinflammation (C4b,
C1qa/b/c, Ctsb/d/z, Osmr) were also elevated in the DKO
brains (28–30). These elevated gene expression findings
suggest an inflammatory response and heightened glial
reaction and were most prominently observed in Glb1/
Neu3 DKO brains compared with the other groups.
Many of these genes were elevated in the Glb1 KO
brains relative to WT and Neu3 KO brains, but to a
lesser degree than in the DKO brains.

Neu3 disruption increases neurodegeneration in Glb1
KO mouse brain

Neurodegeneration is a prominent characteristic of
the GM1 gangliosidosis disease process (1, 2). To inves-
tigate the influence of NEU3 on neurodegeneration in
Glb1 KO mice, we examined the brains from 20-week-
old Glb1 KO, Neu3 KO, Glb1/Neu3 DKO, and WT mice
using a silver-staining method to detect degenerating
neuronal soma and axons (15, 31). Sagittal brain sections
displayed extensive and distinct silver-grain deposition,
indicative of neurodegeneration, in Glb1/Neu3 DKO
mice when compared with sections from Glb1 KO, Neu3
KO, and WT mice (Fig. 4A). Notably, the brain stem
and thalamus of the DKO mice exhibited an approxi-
mately 5-fold increase in silver deposition compared
with the other genotypes (Fig. 4B, C, E). In addition, a
slight but statistically significant increase in silver
deposition, relative to the other groups, was found in
the cortex of the Glb1/Neu3 DKO brains (Fig. 4D, E).
These results demonstrate that the concurrent deletion
of Neu3 and Glb1 significantly enhances neuro-
degeneration compared with the sole deletion of Glb1
or Neu3 in mice.
Mouse NEU3 degrades GM1 ganglioside more
efficiently than human NEU3

We compared the relative amounts of GM1 ganglio-
side and GA1 glycolipid in an autopsy brain sample
obtained from a human infantile GM1 gangliosidosis
patient to the two different GM1 gangliosidosis mouse
models, Glb1 KO and Glb1/Neu3 DKO mice, at the end
stage of their disease (Fig. 5A). The brain sample from
the human patient exhibited a higher level of GM1
ganglioside than GA1 glycolipid, as had been previously
shown (19), and closely resembled the profile observed
in the end-stage Glb1/Neu3 DKO mouse brain, which
also displayed a higher amount of GM1 ganglioside
than GA1 glycolipid. In contrast, the end-stage Glb1 KO
mouse brain showed a higher level of GA1 glycolipid
than GM1 ganglioside. These findings suggest that the
sialidase-mediated conversion of GM1 ganglioside to
GA1 glycolipid is more active in mice than in humans.
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To further investigate the relative effectiveness of
human and mouse NEU3 enzymes in degrading GM1
ganglioside to GA1 glycolipid, we transduced fibro-
blasts derived from an infantile GM1 gangliosidosis
patient with lentivirus expressing either mouse Neu3,
human NEU3, or a control vector (supplemental Fig. S2).
NEU3 expression was validated by Western blotting.
The fibroblasts were then loaded with BODIPY-labeled
GM1 ganglioside and incubated for 72 h, after which
the fluorescent BODIPY-labeled lipids were analyzed
using HPTLC (Fig. 5B).

Our results revealed that the GM1 gangliosidosis fi-
broblasts transduced with the control vector accumu-
lated only BODIPY-GM1 ganglioside without conversion
to any other fluorescent products (Fig. 5C). However,
fibroblasts overexpressing either mouse Neu3 or human
NEU3 showed partial conversion of BODIPY-GM1
ganglioside to BODIPY-GA1 glycolipid. No additional
BODIPY-labeled products were observed, indicating
that the degradation process was halted after the for-
mation of BODIPY-GA1 glycolipid. When the amount
of BODIPY-GA1 glycolipid was normalized to the level
of expressed NEU3 protein (Fig. 5D), mouse NEU3 was
found to be approximately 2-fold more effective than
human NEU3 in degrading GM1 ganglioside to GA1
glycolipid in GM1 gangliosidosis patient-derived fibro-
blasts (Fig. 5E).

In summary, the findings suggest that the reason for
the less efficient conversion of GM1 ganglioside to GA1
glycolipid in the human GM1 gangliosidosis brain
compared with the mouse GM1 gangliosidosis brain can
be attributed to the decreased activity of NEU3. This
difference in enzyme activity appears to be a contrib-
uting factor to the observed variations in glyco-
sphingolipid conversion and disease severity between
the two species (Fig. 5F).

DISCUSSION

Even though the Glb1 KO mouse is a null variant,
resembling the mutations that cause severe infantile
type I GM1 gangliosidosis in humans, it surprisingly
exhibits a disease phenotype similar to the less severe
type II form (3). This disparity prompted us to investi-
gate the potential disease-modifying role of the siali-
dase NEU3 as a possible explanation for the difference
in disease severity between mice and humans. Our
findings revealed that the absence of NEU3 exacer-
bated the phenotype of Glb1 KO mice, leading to an
accelerated onset of neurological symptoms, enhanced
neurodegeneration, an upregulated gene expression
profile indicating neuroinflammation and glial re-
actions, and a substantially shortened lifespan. These
results strongly indicate a disease-modifying role for
NEU3 in the context of GM1 gangliosidosis.

NEU3 also plays a role in modulating the severity of
β-hexosaminidase A deficiency in mice. While null
HEXA mutations lead to the extremely severe human



Fig. 4. Neu3 disruption increases neurodegeneration in Glb1 KO mouse brain. Brains from Glb1/Neu3 DKO, Glb1 KO, Neu3 KO, and
WT mice were harvested at 20 weeks of age. A: Brain tissue was stained with NeuroSilver to detect neurodegeneration. Represen-
tative images of sagittal sections are shown. Scale bars, 1,000 μm. B–D: Representative images of NeuroSilver-stained sections from
brain stem (B), thalamus (C), and cortex (D) from WT, Neu3 KO, Glb1 KO, and Glb1/Neu3 DKO mice. Scale bars, 100 μm. E: Quanti-
fication of silver-grain deposition in brain stem, thalamus, and cortex of WT, Neu3 KO, Glb1 KO, and Glb1/Neu3 DKOmice calculated
using Fiji/ImageJ. Data are expressed as mean intensities per brain region for each mouse. Statistical significance was determined by
one-way ANOVA with Bonferroni correction, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n = 3 brains for each genotype,
three stacks per brain, 22–37 images per stack. DKO, double KO.
infantile Tay-Sachs disease, Hexa KO mice exhibit a
much milder phenotype (32, 33). This difference can be
attributed to the action of NEU3 in mice, which creates
an alternate degradation pathway for GM2 ganglioside
(Fig. 1A) (6), the lysosomal substrate that accumulates in
Tay-Sachs disease. In Hexa KOmice, NEU3 cleaves GM2
ganglioside, generating GA2 glycolipid (asialo-GM2
ganglioside) as a product. GA2 glycolipid then serves as
a substrate for fully intact β-hexosaminidase B, which
removes the terminal β-N-acetyl-galactosamine residue.
This process enables complete degradation of GM2
ganglioside in the absence of Hexa. In contrast, in Glb1
KO mice, NEU3 activity results in the production of
GA1 glycolipid with no other β-galactosidase activity
capable of effectively removing the terminal β-galac-
tose residue from the substrate to bypass the degrada-
tion block. As a result, the degradation pathway for
GM1 ganglioside remains obstructed at GA1 glycolipid
in Glb1 KO mice.

Our findings indicate that the removal of the single
sialic acid residue from GM1 ganglioside, mediated by
NEU3, provides substantial protection against neuro-
degeneration in the context of lysosomal β-galactosi-
dase deficiency, suggesting that GM1 ganglioside
NEU3 is neuroprotective in GM1 gangliosidosis 9



Fig. 5. Mouse NEU3 degrades GM1 ganglioside more efficiently than human NEU3. A: Gangliosides and neutral glyco-
sphingolipids were extracted from an end-stage, 46-week-old Glb1 KO brain, end-stage, 20-week-old Glb1/Neu3 DKO brain, and from
an autopsy cerebral-cortex sample from an infantile GM1 gangliosidosis patient. For each brain sample, an equivalent of approx-
imately 4 mg wet-brain weight of the aqueous and organic fractions was applied to the same lane of an HPTLC plate, developed in
C:M:0.25% CaCl2 (60:35:5 v/v/v), and visualized using orcinol. GM1 ganglioside and GA1 glycolipid positions were identified using
standards run on the same HPTLC plate. B: Schematic of experiment to determine the relative GM1 ganglioside to GA1 glycolipid
degrading efficiency of mouse and human NEU3. C: HPTLC analysis of the total lipid extracts from BODIPY-GM1 ganglioside-
treated patient fibroblasts expressing human NEU3, mouse Neu3, or a control vector. Total lipids were extracted after 72 h, applied to
an HPTLC plate, and developed in C:M:0.25% CaCl2 (60:35:5 v/v/v). Positions of BODIPY-GM1 ganglioside and BODIPY-GA1
glycolipid are shown. D: Western blot using antibody to Strep-Tag II showing the expression of NEU3 in GM1 gangliosidosis fi-
broblasts transduced with lentivirus (control vector, mouse Neu3, or human NEU3) (top panel) and β-actin (bottom panel). E: Relative
efficiency of mouse and human NEU3 activity on GM1 ganglioside. GM1 gangliosidosis fibroblasts transduced with lentivirus
(control vector, mouse Neu3, or human NEU3) were treated with BODIPY-GM1 ganglioside. After 72 h, total lipids were harvested and
separated by HPTLC. Fluorescence generated by GA1 glycolipid (average of three independent fibroblast cultures) was quantified
relative to the level of mouse or human NEU3 protein normalized to β-actin as determined by Western blot (average of three in-
dependent fibroblast cultures). Data are expressed as means ± SD. Statistical significance was determined by t test. ***P < 0.001. F:
Summary of relative GM1 ganglioside to GA1 glycolipid levels in human infantile GM1 gangliosidosis brain, Glb1 KO mouse brain
and Glb1/Neu3 DKOmouse brain. DKO, double KO; GA1, GM1 and asialo-GM1 ganglioside; HPTLC, high-performance TLC; ND, not
detectable.
storage may be more neurotoxic that an equivalent
amount of GA1 glycolipid storage. The accumulation of
the negatively charged GM1 ganglioside in lysosomes
may interfere with efficient lysosomal degradation
processes of other substrates, resulting in cascades of
secondarily accumulating substrates and a more rapid
impairment of the lysosomal pathway (34). Accumu-
lated GM1 ganglioside may also trigger ER stress
apoptosis (35). Moreover, lysosomal accumulation of
GM1 ganglioside may interfere with the function of
membrane contact sites, such as those between lyso-
somes and mitochondria, ultimately leading to
neuronal cell death and neurodegeneration (36).

NEU3 is involved in inflammatory responses in
various contexts, including neuroinflammation (23,
37–40). Its presence is generally linked to heightened
inflammatory reactions. However, in Glb1 KO mice, the
presence of NEU3 significantly decreased neuro-
inflammatory RNA profiles compared to when NEU3
was absent. These results align with the conversion of
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stored GM1 ganglioside to GA1 glycolipid, facilitated by
NEU3 activity, resulting in lower levels of neuro-
inflammation. Nevertheless, due to NEU3's action on a
diverse range of substrates, other modulatory effects
cannot be definitively ruled out.

The Glb1 KO mouse shares a natural history with late
infantile to juvenile type II GM1 gangliosidosis patients,
as opposed to the more severe infantile (type I/severe)
form. This distinction is partly based on the extended
lifespan of the Glb1 KO mouse of up to about 50 weeks.
The Glb1/Neu3 DKO mouse, with its considerably
shortened lifespan, rapidly progressive neurological
manifestations, and a high GM1 ganglioside to GA1
glycolipid ratio as is seen in the human disease, can be
considered a model for infantile GM1 gangliosidosis.
This novel model is potentially a valuable tool for
investigating the pathogenesis and rapid cascade of
events that lead from lysosomal dysfunction to neuro-
degeneration in the disease and for evaluating thera-
peutic approaches for GM1 gangliosidosis.



Our study demonstrates that the expression of mouse
NEU3 in human GM1 gangliosidosis fibroblasts leads to
more efficient conversion of GM1 ganglioside to GA1
glycolipid compared with that produced by human
NEU3. This finding suggests that the decreased GM1
ganglioside to GA1 glycolipid degrading activity
observed in the human brain, relative to the mouse
brain, may be attributed to the less efficient func-
tioning of human NEU3. To ameliorate the disease, a
potential therapeutic strategy for GM1 gangliosidosis
could involve augmenting endogenous NEU3 levels to
enhance GM1 ganglioside to GA1 glycolipid conversion.
A similar approach has been proposed for Tay-Sachs
disease, where the upregulation of NEU3 could facili-
tate the degradation of GM2 ganglioside, enabling its
complete breakdown (6). The manipulation of endog-
enous NEU3 levels holds promise as a therapeutic
strategy for both GM1 gangliosidosis and Tay-Sachs
disease, as it may enhance the degradation of the
respective gangliosides and mitigate the progression of
these disorders.

Overall, our study provides new insights into the role
of NEU3 in modulating the phenotype of GM1 gan-
gliosidosis in Glb1 KO mice. The exacerbated neuro-
degeneration, upregulated neuroinflammatory gene
expression, and shortened lifespan observed in Glb1/
Neu3 DKO mice underscore the importance of NEU3 in
ameliorating the disease course. In addition, the dif-
ferential efficiency of mouse and human NEU3 siali-
dases in degrading GM1 highlights the species-specific
differences in the underlying disease mechanisms.
These findings contribute to a better understanding of
GM1 gangliosidosis pathophysiology and may have
implications for the development of therapeutic stra-
tegies targeting this devastating disorder.
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