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Abstract

Free sialic acid storage disorder (FSASD) is caused by pathogenic variants in SLC17A5, which encodes

the lysosomal sialic acid exporter, sialin. FSASD is characterized by the accumulation of lysosomal free

sialic  acid,  leading  to  either  a  severe,  childhood-lethal  form  or  a  more  slowly  progressive

neurodegenerative disorder associated with the p.Arg39Cys (p.R39C) variant, i.e., Salla disease. While

dysregulated glycosphingolipid (GSL) metabolism has been observed in cellular models of FSASD, this

study provides the first  in vivo biochemical dissection of GSL metabolism in a knock-in mouse model

harboring the Slc17a5 p.R39C variant. We employed an integrated multi-modal approach, including sialic

acid quantification, exploratory untargeted lipidomics, HPLC-based GSL profiling, bulk transcriptomics,

and 4-MU-based lysosomal enzyme activity assays in brain and peripheral tissues (liver and kidney).

Exploratory  untargeted  lipidomic  screening  revealed  region-dependent  lipid  alterations,  with  more

pronounced changes in the cerebellum than in the forebrain. Pathway-level analyses indicated enrichment

of lipid classes related to sphingolipid and GSL metabolism. Targeted biochemical analyses demonstrated

that  several GSL species accumulate predominantly in the brain, with minimal changes in peripheral

tissues,  whereas  glucosylceramide  levels  were  significantly  reduced  in  all  brain  regions  analyzed.

Transcriptomic  profiling  identified  dysregulation  of  several  genes  involved  in  GSL  and  sialic  acid

metabolism. Enzyme activity assays corroborated the transcriptomic findings, demonstrating increased

activity  of  several  lysosomal  glycohydrolases,  including  neuraminidase  1/3/4  and  β-hexosaminidase.

Collectively,  these  findings  highlight  dysregulated  GSL  metabolism  as  a  prominent  biochemical

consequence of sialin deficiency in vivo and highlight its putative role in FSASD neuropathology.

Word count: 242/250
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neurodegeneration
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Highlights

 Dysregulation of glycosphingolipid (GSL) metabolism in FSASD remains poorly defined

 Slc17a5-R39C/R39C mice show elevated free sialic acid levels in multiple tissues

 Slc17a5-R39C/R39C mice accumulate GSLs, but exhibit reduced glucosylceramide levels

 Slc17a5-R39C/R39C mice display increased activity of several GSL catabolic enzymes

 Altered GSL metabolism is a key biochemical defect in FSASD, especially in the brain
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Graphical abstract

 

FSASD, free sialic acid storage disorder. Figure created using BioRender.com. 
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Introduction

Lysosomal free sialic acid storage disorder (FSASD) is an ultra-rare, neurodegenerative disease caused by

biallelic loss-of-function variants in SLC17A5, which encodes sialin, a lysosomal membrane transporter

responsible for the efflux of sialic acid and other acidic hexoses from the lysosome to the cytosol (Aula et

al., 1979; Blom et al., 1990; Courville et al., 2010; Mancini et al., 1991; Morin et al., 2004; Pietrancosta

et  al.,  2012;  Renlund  et  al.,  1983;  Verheijen  et  al.,  1999). Loss  of  sialin  function  result  in  the

accumulation of unconjugated ("free") sialic acid in lysosomes within cells of multiple tissues, including

the  brain  (Morin  et  al.,  2004;  Sagne  and  Gasnier,  2008;  Wreden  et  al.,  2005). Clinically,  FSASD

encompasses a spectrum ranging from infantile sialic acid storage disease (MIM#269920), which is often

fatal in early childhood, to Salla disease (MIM#604369), a milder, slowly progressive neurodegenerative

disorder with survival into late adulthood (Adams and Wasserstein, 2020; Aula et al., 1979; Huizing et

al., 2021; Renlund et al., 1983; Verheijen et al., 1999). To date, approximately 250 cases of FSASD have

been  reported  worldwide,  with  >75%  of  cases  carrying  the  common  missense  variant,  SLC17A5

c.115C>T (p.Arg39Cys; p.R39C) typically associated with Salla disease (Aula et al., 2000; Huizing et al.,

2021). Neurological features include mild-to-moderate psychomotor delay, spasticity, athetosis, seizures,

cognitive impairment, and progressive ataxia (Adams and Wasserstein, 2020; Huizing et al., 2021), and

neuroimaging commonly shows hypomyelination, corpus callosum hypoplasia, and progressive cerebellar

atrophy (Barmherzig et al., 2017; Haataja et al., 1994; Huizing et al., 2021; Kleta et al., 2004; Morse et

al., 2005; Sonninen et al., 1999).

Although free sialic acid accumulation is the defining biochemical hallmark of FSASD, it likely does not

fully account for the severity and complexity of the neurological phenotype. FSASD belongs to a wider

group of lysosomal storage disorders (LSDs), including GM1 and GM2 gangliosidoses, Gaucher disease,

and Niemann-Pick disease, many of which exhibit disruptions in glycosphingolipid (GSL) metabolism, a

pathway essential for neuronal differentiation (Rosner, 2003) and synaptic function (Svennerholm, 1980).

Gangliosides, the predominant sialylated GSLs in the brain (Schnaar et al., 2009), bind myelin-associated

5

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80



glycoproteins and contribute to myelin stability and axon structure (Vyas and Schnaar, 2001; Yang et al.,

1996). Given that sialic acid salvage/recycling is disrupted in FSASD (Gilormini et al., 2016) and prior

studies  have  shown  impaired  turnover  of  sialoglycoproteins  and  gangliosides  in  patient  fibroblasts

(Chigorno et al., 1996; Pitto et al., 1996) and iPSC-derived neural cell types (Sabir et al., 2025a), together

with elevated cerebrospinal-fluid gangliosides in FSASD (Sabir et al., 2025b), we hypothesized that GSL

metabolism is perturbed in vivo and may contribute to FSASD neuropathology. The regulation of GSL

metabolism in in vivo FSASD models remains poorly defined, despite its role as a convergent pathogenic

mechanism  across  several  LSDs.  Moreover,  it  is  unknown  whether  GSL  abnormalities  are  primary

consequences  of  impaired  lysosomal  sialic  acid  handling  (e.g.,  sialidase  inhibition,  lysosomal

microenvironment changes) or secondary sequelae of progressive neurodegeneration and cell loss, and

whether  lysosomal  catabolic  responses  are  engaged  sufficiently.  This  gap  constrains  mechanistic

understanding and hinders informed selection of therapeutic targets for FSASD.

Here, using a knock-in mouse model harboring the Slc17a5 p.R39C variant, we combine complementary

biochemical  and  multi-omic  approaches,  including  sialic  acid  quantification,  untargeted  lipidomics,

HPLC-based GSL profiling, transcriptomic analyses, and lysosomal enzyme activity assays to profile

GSL homeostasis  across central  (forebrain and cerebellum) and peripheral  (liver and kidney) tissues.

These  analyses  reveal  widespread  GSL  dysregulation,  highlight  region-specific  vulnerabilities,  and

provide mechanistic insights into FSASD-associated neuropathology.
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Materials and Methods

Description of mouse model

For this study, we utilized a Slc17a5-R39C/R39C (Slc17a5 knock-in; knock-in) mouse model harboring

the human-equivalent  SLC17A5 p.R39C variant. Using CRISPR-Cas12a, we introduced two nucleotide

alterations (c.115C>T and c.117G>C) into exon 2 of the murine  Slc17a5 gene (NM_172773), thereby

humanizing the sequence to generate the p.R39C variant in mice in the C57BL/6J-129S1/SvlmJ hybrid

background  (manuscript  under  review;  (Sabir  et  al.,  2022)).  Briefly,  knock-in  mice  exhibit  notable

phenotypic  differences  by  three  weeks  of  age,  including  reduced  body  size  compared  to  wild-type

littermates, as well as the onset of neurological impairments such as tremors, ataxia, and seizures. By 1.5

months  of  age,  25% of  homozygous  mice  experienced severe  disease  progression,  with  nearly  50%

mortality by six months, primarily due to the progression of ataxia and hindlimb paralysis.

Detailed  information  on  the  experimental  mouse  cohorts  used  in  each  study  arm  is  available  in

Supplementary Table 1. All analyses were conducted using independent biological replicates from the

cohorts described.

Quantitative analysis of sialic acid levels

Mice (n = 3 wild-type and n = 3 Slc17a5-R39C/R39C; detailed in Supplementary Table 1, Cohort I) were

perfused  with  phosphate-buffered  saline  (PBS) prior  to  tissue  collection.  Isolated  tissues  were  flash-

frozen  in  liquid  nitrogen,  transferred  to  dry  ice,  and  stored  at  -80°C.  Brain  (right  forebrain,  right

cerebellum),  liver,  and kidney were collected. Tissues were homogenized in water to achieve a final

concentration of 25 mg wet tissue per mL. Frozen homogenates were subsequently shipped to Greenwood

Genetic  Center  (Greenwood,  SC,  USA)  for  quantification  of  free  and  total  sialic  acid  levels  (see

Supplementary  Materials  and  Methods).  Each  measurement  represents  an  independent  biological

replicate. Neu5Ac, the most abundant sialic acid in mammalian brains (Davies and Varki, 2015; Schauer

and Kamerling, 2018), was measured and is referred to as “sialic acid” in this manuscript.
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Untargeted lipidomics studies

Mouse tissues from n = 2 wild-type and n = 2 Slc17a5-R39C/R39C mice (detailed in Supplementary

Table 1, Cohort II) were isolated, flash-frozen in liquid nitrogen, and placed on dry ice before being

stored at -80°C. The following regions were collected: left  hemisphere (excluding the olfactory bulb,

including the brainstem); right forebrain; and right cerebellum. Samples were then shipped to Creative

Proteomics (Shirley, NY, USA) for untargeted lipidomics (see Supplementary Materials and Methods).

Each measurement represents an independent biological replicate.

Raw data acquired in both ESI- (negative ion mode) and ESI+ (positive ion mode) were processed and

aligned using LipidSearch software (Thermo) based on mass-to-charge (m/z) values and retention times.

The  aligned  peak  tables  provided  by  Creative  Proteomics  were  imported  into  R  (version  4.3.0)  for

downstream analyses. Data quality control, normalization, and subsequent analyses were performed using

the lipidR package (version 2.13.0,  (Mohamed et al., 2020)). Signal intensities were normalized using

probabilistic quotient normalization (PQN) as implemented in the lipidR package (Dieterle et al., 2006;

Mohamed et al., 2020). PQN compares the distribution of intensity quotients between each sample and a

reference spectrum derived from the dataset and corrects for dilution-related and systematic technical

variation by estimating a sample-specific dilution factor used to scale the data. Following normalization,

multivariate  and univariate  analyses  were  conducted,  including  principal  component  analysis  (PCA),

hierarchical clustering, differential lipid abundance, and lipid class enrichment analyses. Pathway-level

analyses were performed using the LipidSig web interface (Lin et al., 2021).

Note,  monohexosylceramides  detected  in  the  untargeted  lipidomics  dataset  are  reported  as  Hex1Cer

species, as reversed-phase LC-MS does not allow unambiguous discrimination between glucosylceramide

(GlcCer) and galactosylceramide (GalCer).

Quantification of glycosphingolipids (GSLs) via HPLC
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Mice from Cohorts I (n = 3 wild-type and n = 3 Slc17a5-R39C/R39C) and III (n = 4-5 wild-type and n =

3-6 Slc17a5-R39C/R39C; detailed in Supplementary Table 1) were perfused with PBS prior to tissue

collection. Brain (right forebrain and right cerebellum), liver, and kidney were isolated, flash-frozen in

liquid nitrogen, transferred to dry ice, and stored at -80 °C until further analysis.

Tissues were homogenized in water to achieve a final concentration of 25 mg wet tissue per mL. GSL

profiling of mouse tissue homogenates was performed using published methods (Priestman et al., 2024).

Briefly, lipids were extracted overnight at 4°C using a chloroform-methanol solution. GSLs were then

isolated through solid-phase extraction using C18 columns (Telos). Following elution, the GSL fractions

were evaporated under nitrogen at 42°C, then digested with recombinant ceramide glycanase (rEGCase,

synthesized by Genscript) to cleave oligosaccharides from complex GSLs or Cerezyme® (Genzyme) to

hydrolyze  GlcCer  and release  glucose.  The  released  glycans/glucose  were fluorescently labeled with

anthranilic acid (2AA), and excess labeling reagent was removed using DPA-6S SPE columns (Supelco).

The purified 2AA-labeled oligosaccharides/glucose were analyzed and quantified by normal-phase high-

performance liquid chromatography (HPLC). A 2AA-labeled glucose homopolymer ladder (Ludger Ltd)

was used to assign glucose unit (GU) values to the HPLC peaks. Specific GSL species were identified by

their corresponding GU values (see Fig. S5) and quantified by comparing the integrated peak areas to a

known 2AA-labeled  BioQuant  chitotriose  standard  (Ludger  Ltd).  The  data  were  normalized  to  total

protein content, which was determined using the bicinchoninic acid (BCA) assay per standard procedures.

Each measurement represents an independent biological replicate. 

Total  GSLs  were  determined  by  rEGCase-mediated  digestion  of  complex  GSLs  not  including

monohexosylceramides. Targeted quantification of GlcCer was performed separately using normal-phase

HPLC  following  Cerezyme  (glucocerberosidase)-mediated  digestion  of  GSLs,  which  selectively

hydrolyzes GlcCer and does not detect GalCer. All GlcCer values reported in this study derive from this

separate targeted assay.
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Details of sialic acid measurement of 2AA-labeled GSLs are provided in the Supplementary Materials

and Methods.

Immunofluorescence studies

Immunofluorescence studies were performed as described in the Supplementary Materials and Methods.

Bulk transcriptomics studies

Wild-type (n = 4) and Slc17a5-R39C/R39C (n = 4) mice (detailed in Supplementary Table 1, Cohort IV)

were perfused with PBS, and brain (right forebrain, right cerebellum) tissues were subsequently isolated

and flash-frozen in liquid nitrogen before being placed on dry ice and stored at -80°C. Samples were then

shipped  to  Azenta  Life  Sciences  Inc.  (South  Plainfield,  NJ,  USA)  for  bulk  RNA  sequencing  (see

Supplementary  Materials  and  Methods).  Each  measurement  represents  an  independent  biological

replicate.

Reads were aligned to the Mus musculus reference genome (GRCm38) using HISAT2 (Kim et al., 2019),

and read counts were obtained with the DESeq2 R package (version 1.41.2) (Love et al., 2014). Genes

involved in GSL metabolism, including biosynthesis and catabolism pathways previously compiled (Platt,

2023) were examined. Sialic acid metabolism genes were curated from the literature (Saeui et al., 2018).

Volcano plots were generated using the EnhancedVolcano R package (version 1.19.0) (Blighe, 2018). All

quality control and downstream analyses were performed using R (version 4.3.0).

Measurement of lysosomal glycohydrolase activities

Tissues from mice detailed in Supplementary Table 1 (Cohort I; n = 3 wild-type and n = 3 Slc17a5-R39C/

R39C) were collected and processed as described in the "Quantification of glycosphingolipids (GSLs)"

section above.
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Lysosomal  glycohydrolase  activities  in  tissue  homogenates  were  measured  fluorometrically  using

synthetic  sugar  substrates  conjugated  to  the  fluorophore  4-methylumbelliferone  (4-MU),  following

established protocols  (Huebecker et  al.,  2019). Neuraminidase (Neu) activity was assessed using two

separate assays,  i.e.,  one to quantify Neu1/3/4 activity  and another  to  measure  cytosolic Neu2.  Both

assays utilized 4-MU N-acetylneuraminic acid, with incubations performed for 4 hr (brain) and 1 hr (liver

and kidney) at 37°C. Total β-hexosaminidase and HexA activities were measured using 4-MU N-acetyl-

β-D-glucosaminide and incubated for 30 min across all tissues at 37°C. Gba1 and Gba2 activities were

assessed using 4-MU β-D-glucoside, with incubation for 30 min at 37°C, except for Gba2 activity in the

brain, which was incubated for 3 hr. N-butyldeoxygalactonojirimycin was used to selectively inhibit Gba2

activity, enabling the determination of Gba1 activity levels (Ridley et al., 2013). β-galactosidase and α-

galactosidase activities were evaluated using 4-MU β-D-galactopyranoside and 4-MU α-D-galactoside,

respectively,  with  a  30  min  incubation  at  37°C.  α-glucosidase  and  α-mannosidase  activities  were

measured using 4-MU α-D-glucopyranoside and 4-MU α-D-mannopyranoside, respectively, with a 30

min incubation at 37°C, except for α-mannosidase activity in the brain, which was incubated for 3 hr. All

reactions were terminated with cold 0.5 M Na2CO3 (pH 10.7), and the released fluorescent 4-MU was

quantified  using  a  FLUOstar  OPTIMA plate  reader  (BMG Labtech)  with  excitation  at  360  nm and

emission at 450 nm. Enzyme activities were calculated from a standard curve of unconjugated 4-MU and

normalized  to  protein  content,  as  determined  by  the  BCA  assay.  Each  measurement  represents  an

independent biological replicate.

Cholesterol abundance studies

Mouse tissues (n = 3 wild-type and n = 3 Slc17a5-R39C/R39C;  detailed in Supplementary Table  1,

Cohort I) were collected and processed as described in the “Quantification of glycosphingolipids (GSLs)”

section above.  Cholesterol  abundance was quantified as detailed in  the  Supplementary Materials  and

Methods. Each measurement represents an independent biological replicate.
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Statistical methods

Statistical analyses were conducted using an unpaired t-test or ordinary ANOVA with Šídák's multiple

comparisons test using GraphPad Prism (GraphPad, version 10.0.3). A two-tailed α-value for significance

was set at 0.05.

Results

Free sialic acid levels are elevated in mouse central and peripheral tissues

Using UPLC-MS/MS, we quantified free and total sialic acid levels in forebrain, cerebellum, liver, and

kidney (Cohort  I;  n  = 3 mice per  genotype).  Compared to  wild-type mice,  knock-in mice exhibited

significant increases in free sialic acid: 9.5-fold (forebrain), 19.5-fold (cerebellum), 42.4-fold (liver), and

17-fold (kidney) (Fig. 1A). Total sialic acid levels were also higher in the knock-in mouse forebrain (1.4-

fold), cerebellum (1.7-fold), and liver (13.1-fold) compared to wild-type mice (Fig. 1B) with an upward

trend in the kidney (Fig. 1B). Bound sialic acid levels, calculated by subtracting free from total sialic acid

levels, were increased only 3.9-fold in the liver (Fig. 1C). These results confirm the canonical FSASD

biochemical defect across all mouse tissues examined. Given this indication of metabolic disruption, we

next examined whether global lipid networks were correspondingly altered.

Exploratory untargeted lipidomics suggests brain region-specific vulnerability in knock-in mice

We performed exploratory untargeted lipidomic analyses using UPLC-MS in both positive and negative

ion modes on right cerebellum, right forebrain, and left hemisphere samples (Cohort II; n = 2 mice per

genotype). Following normalization and multivariate analyses (Fig. S1), lipid profiles suggested region-

dependent  differences,  with  more  extensive  alterations  observed  in  the  cerebellum compared  to  the

forebrain and hemisphere (Figs. S2A and S2B).  Lipid class enrichment analyses also revealed distinct

regional signatures. In the positive ion mode, multiple lipid classes were enriched in the cerebellum and

forebrain,  whereas  enrichment  in  the  hemisphere  was  limited  and  primarily  driven  by

monohexosylceramides  (Hex1Cer;  Fig.  S2C).  In  the  negative  ion  mode,  enriched  lipid  classes  were
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detected predominantly in the cerebellum and hemisphere, with no enrichment observed in the forebrain

(Fig. S2D). Region-agnostic analyses highlighted Hex1Cer across both ionization modes and ceramides

(Cer) in the negative ion mode (Figs. S3A and S3B). Pathway-level mapping using Reactome suggested

involvement of sphingolipid-related pathways, including GSL metabolism (Figs. S3C and S3D). These

findings were used to guide subsequent targeted biochemical analyses.

GSLs are primarily altered in the knock-in mouse brain

Because Hex1Cer species were among the most  altered lipid classes,  we quantified GSLs using two

orthogonal normal-phase HPLC assays in forebrain, cerebellum, liver, and kidney (Cohort I; n = 3 mice

per genotype). Compared to wild-type mice, the knock-in mice displayed significantly altered GSL levels,

primarily in the cerebellum, with modest changes observed in the forebrain. In the forebrain, GM2 and

GA1 levels were significantly elevated, while total GSLs and most other detected species showed non-

significant  upward trends (Figs.  2A,  S4A,  and S4B).  In contrast,  the  cerebellum exhibited a  marked

increase, with total GSL levels and nearly all detected species showing significant elevations relative to

wild-type mice (Figs. 2B, S4A, and S4B). Notably, glucosylceramide (GlcCer) levels were significantly

reduced in both the forebrain and cerebellum of knock-in mice (Figs. 2A and 2B).

Peripheral tissues exhibited more modest changes. The liver displayed increases in GM3 and Gb3 with no

other significant differences (Figs. 3A, S4A, and S4B), although GlcCer showed a downward trend (Fig.

3A). The kidney showed no marked changes, with Gb4 levels trending upward (Figs. 3B, S4A, S4B, and

S4C).  Refer  to  Figure  7A  for  a  summary  of  the  GSL  results  across  all  examined  tissues,  and

Supplementary Figure 5 for representative GSL HPLC traces from the mouse forebrain, cerebellum, liver,

and kidney, along with GlcCer in the brain (similar singular peak for all tissues).

To  validate  our  findings  from Cohort  I  in  a  larger  cohort  while  controlling  for  biological  sex,  we

performed  GSL  analyses  in  both  the  forebrain  and  cerebellum  at  three  timepoints,  i.e.,  21  days,
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approximately 3 months,  and approximately 5 months in Cohort  III  (n = 4-5 wild-type and n = 3-6

Slc17a5-R39C/R39C male mice).  In the forebrain,  at  approximately 5 months of age,  knock-in mice

exhibited a trend toward increases in total GSLs and in all detected species, except for GlcCer (Fig. S6).

Notably,  GM2 and  GA1  were  elevated,  while  GlcCer  levels  were  consistently  decreased  across  all

timepoints  by  approximately  24-fold,  32-fold,  and  13-fold  at  21  days,  ~3  months,  and  ~5  months,

respectively  (Fig. S6). In the cerebellum, fewer overall changes were observed, although several GSL

species showed upward trends, while GlcCer levels were consistently decreased—by approximately 3.5-

fold, 3.1-fold, and 1.7-fold at 21 days, ~3 months, and ~5 months, respectively (Fig. S7). Specifically,

GM2 levels were significantly elevated at 21 days, and GA1 showed an increase at all timepoints (Fig.

S7).  Collectively,  these  findings  suggest  significant  alterations  in  GSL  abundance  in  the  brain,

particularly a pronounced accumulation in species excluding GlcCer. Moreover,  some region-specific

alterations  may reflect  sex-based  differences,  as  Cohort  I  consisted predominantly of  females,  while

Cohort III included only males.

Given the consistent elevation of GM2 in the forebrain and cerebellum of mice from both Cohort I and

Cohort  III,  we  performed immunofluorescence studies  to  examine  GM2 expression  in  male  mice at

approximately 3 months (91 days) and nearly 9 months (270 days) of age (n = 1 mouse per genotype per

timepoint). Although GM2 accumulation was detected biochemically in both forebrain and cerebellum,

imaging  was  focused  on  regions  showing  the  most  pronounced  differences  between  genotypes.  As

confirmed  by  a  survey  of  the  entire  brain,  GM2  accumulation  was  localized  predominantly  to  the

cerebellum and pons, where staining was more prominent in knock-in compared with wild-type mice at

both timepoints (Fig. S8). At 270 days, colocalization of GM2 with the lysosomal marker LAMP1 was

more apparent in the pons than in the cerebellum, although overlap was also observed in the cerebellum

(Figs. S8B and S8D). Notably, LAMP1 staining was increased in the knock-in mouse brain (Fig. S8),

which could indicate lysosomal accumulation and/or enlargement.
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Exploratory analyses quantifying sialic acid derived from 2AA-labelled GSLs in mouse brain tissue (from

Fig. 2, Cohort I; n = 3 mice per genotype) revealed a significant elevation of sialic acid in the cerebellum,

but  not  in  the forebrain (Fig.  S9).  This  observation likely corresponds to  the  increase in  total  GSLs

observed in the cerebellum, but not in the forebrain (Figs. 2A and 2B). Furthermore, given that both

cholesterol and GSLs are critical components of lipid rafts in the plasma membrane (Simons and Ikonen,

1997),   we assessed cholesterol levels in brain homogenates from Cohort I (n = 3 mice per genotype)

using the Amplex™ Red assay. No significant genotype-dependent differences in cholesterol abundance

were observed in either the forebrain or cerebellum (Fig. S10). We additionally performed filipin staining

on brain sections and did not observe any overt differences in cholesterol distribution or intensity between

wild-type  and  knock-in  mice  (data  not  shown),  suggesting  that  overall  cholesterol  homeostasis  is

preserved despite the pronounced alterations in GSL abundance in the knock-in mouse brain.

Bulk transcriptomics of knock-in mouse brain reveals altered expression of genes involved in GSL and

sialic acid metabolism

Transcriptomic analyses of mouse forebrain and cerebellum (Cohort IV; n = 4 mice per genotype) showed

significantly  elevated  expression  of  Neu1,  which encodes  the  lysosomal  Neu1 sialidase  (Miyagi  and

Yamaguchi, 2012; Monti et al., 2010) (Fig. 4). In the cerebellum, there was also a significant increase in

the expression of  Hexa and  Hexb  (Fig. 4B), which encode the α and β subunits of β-hexosaminidase,

respectively. In contrast, expression of Smpd1, which encodes acid sphingomyelinase, was significantly

reduced in the cerebellum of knock-in mice (Fig. 4B).

We also examined the expression of genes involved in GSL biosynthesis.  St6galnac3, which encodes a

sialyltransferase responsible for catalyzing the biosynthesis of ganglioside GD1α from GM1b (Lee et al.,

1999), was significantly reduced in both the forebrain and cerebellum (Figs. 4C and 4D). Additionally,

St3gal3,  a  ganglioside  biosynthetic  enzyme  (Schnaar,  2014),  exhibited  elevated  expression  in  the

forebrain but was significantly reduced in the cerebellum of knock-in mice (Figs. 4C and 4D). Notably,

15

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333



GlcCer synthase (Ugcg)  expression was not  altered in the  forebrain or cerebellum of  knock-in mice

(Supplementary  Table  2). Taken  together,  these  findings  suggest  region-specific  alterations  in  the

expression of genes involved in GSL biosynthesis and catabolism. The full dataset of GSL and sialic acid

metabolism gene expression results is available in Supplementary Table 2.

Enzyme activity assays validate transcriptomic dysregulation of several glycohydrolases

We next examined lysosomal glycohydrolase activities to determine whether the observed transcriptomic

alterations  were  mirrored  at  the  enzymatic  level.  Using  fluorescent  4-methylumbelliferone  (4-MU)

assays,  we  quantified  the  activities  of  GSL  glycosidases  in  Cohort  I  (n  =  3  mice  per  genotype).

Specifically, we assessed neuraminidase activity (Neu1/3/4 and Neu2), β-hexosaminidase activity (total

Hex and HexA),  as  well  as  the  activities  of  glucocerebrosidase (Gba1 and Gba2),  α-glucosidase,  α-

galactosidase, β-galactosidase, and α-mannosidase.

Quantification of Neu1/3/4 and cytosolic Neu2 activities demonstrated a significant increase in Neu1/3/4

activity in the cerebellum, liver, and kidney of knock-in mice, with an upward trend in the forebrain (Figs.

5 and 6). In contrast, Neu2 activity remained unchanged across all examined tissues (Figs. 5 and 6). We

next performed two 4-MU assays to quantify β-hexosaminidase activity, measuring both total Hex and

HexA. Total Hex activity was elevated in all examined tissues except the kidney, while HexA activity

showed significant increases across all tissues (Figs. 5 and 6).

In assaying glucocerebrosidase activity,  Gba1 activity was significantly elevated in the forebrain and

exhibited an upward trend in the cerebellum, while no significant changes were detected in peripheral

tissues (Figs. 5 and 6). In contrast, non-lysosomal Gba2 activity remained unchanged across all examined

tissues (Figs. 5 and 6).

We also assessed several additional lysosomal hydrolases. In the forebrain, the activities of α-glucosidase,
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α-galactosidase,  β-galactosidase,  and  α-mannosidase  were  significantly  elevated  (Fig.  5A).  In  the

cerebellum, all these enzymes were markedly increased, although α-mannosidase showed only a trending

elevation (Fig. 5B). In peripheral tissues, α-galactosidase, β-galactosidase, and α-mannosidase activities

were elevated in the liver, whereas only α-galactosidase and α-mannosidase were increased in the kidney

(Figs.  6A and  6B).  Together,  these  findings  highlight  tissue-specific  enzymatic  adaptations  to  GSL

dysregulation in the knock-in model. A summary of these alterations is presented in Fig. 7B.

Discussion and Limitations

This  study  provides  a  comprehensive  in  vivo biochemical  characterization  of  GSL  metabolism in  a

FSASD knock-in mouse model. Across all multi-omic modalities, we observed GM2/GA1 accumulation,

reduced GlcCer,  brain region-specific  transcriptional  shifts,  and selective enzyme activity  alterations.

Collectively, these results suggest that SLC17A5 deficiency disrupts GSL catabolism in a region-specific

manner, representing changes that may both contribute to and arise from neurodegeneration.

Cerebellum as a metabolic hotspot of vulnerability in FSASD

Distinct alterations in GSL metabolism were observed between the forebrain and cerebellum of Slc17a5-

R39C/R39C mice compared to wild-type mice, with the cerebellum showing the most prominent changes

across nearly all study arms, suggesting a potential role for cerebellar GSL dysregulation in the disease

phenotype. Specifically, in the cerebellum, compared to the forebrain, we observed more pronounced

alterations in: 1) free and total sialic acid levels, 2) lipid profiles via exploratory untargeted lipidomic

analyses, 3) GSL accumulation, and 4) transcriptional changes in genes associated with GSL catabolism.

Cerebellar vulnerability aligns with the clinical manifestation of ataxia in FSASD and other lysosomal

storage diseases (Walkley et al., 2010), and with imaging evidence of cerebellar white matter involvement

(Linnankivi  et  al.,  2003;  Varho  et  al.,  2002).  Prior  studies  in  the  Slc17a5 knock-out  model,  which

demonstrated CNS myelin deficiency and highlighted the vulnerability of Purkinje cells to lysosomal

dysfunction and early degeneration (Walkley et al., 2010), suggest that Purkinje cells may play a role in
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the pathogenesis of FSASD. Moreover, Purkinje cell-specific  Ugcg deletion, the gene that encodes the

enzyme responsible for GlcCer synthesis, leads to axonal degeneration and detached paranodal loops,

indicating a role for GlcCer-based GSLs in maintaining axonal-myelin integrity (Watanabe et al., 2010).

Collectively, our findings, together with prior studies, underscore the need for cell-type-resolved analyses

(e.g., Purkinje cells, oligodendrocytes, microglia) in this FSASD knock-in mouse model.

Mechanistic insights into compensatory responses

In our studies, pronounced alterations in GSL levels were observed at the latest timepoints, prompting the

question  of  whether  these  changes  are  a  direct  consequence  of  the  primary  defect  (SLC17A5

deficiency/impaired  sialic  acid  recycling)  or  secondary  to  neurodegenerative  processes  and  selective

neural cell loss. Notably, the absence of transcriptional changes in Ugcg, together with broadly increased

catabolic enzyme activities, suggests that the dysregulation observed in the knock-in mouse brain arises

from impaired catabolism rather than altered GSL biosynthesis.

Although β-hexosaminidase activity was elevated in both forebrain and cerebellum, and Hexa and Hexb

expression  was  upregulated  in  the  cerebellum,  GM2  levels  remained  elevated  across  cohorts  and

timepoints,  indicating  that  these  compensatory  mechanisms  are  insufficient  to  fully  clear  GM2,  an

intermediate in lysosomal ganglioside catabolism. Moreover, elevated GA2 levels in the knock-in mouse

brain (Figs. S4B, S6, and S7) may partially reflect increased conversion of GM2 to GA2. Both humans

and mice degrade GM2 via a β-hexosaminidase A-mediated pathway, but mice additionally possess a

Neu3 sialidase/β-hexosaminidase B-dependent bypass pathway that additionally facilitates conversion of

GM2 into GA2 (Seyrantepe et al., 2018). The presence of the Neu3/HexB-mediated GM2 bypass pathway

in  mice  prevents  detectable  neurological  symptoms  in  mouse  models  of  Tay-Sachs  disease  (Hexa

deficient), whereas Sandhoff mice (Hexb deficient) develop progressive neurologic disease (Sango et al.,

1995). Broadly, although no substrate reduction therapies are currently approved for GM2 gangliosidosis

(Cachon-Gonzalez et al., 2018; Marshall et al., 2019), such approaches have shown promise in preclinical
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studies and may represent a potential therapeutic strategy for FSASD.

Notably, in addition to enhanced catabolic flux, elevated GA2 may also arise from altered ganglioside

biosynthesis.  Impaired availability of activated sialic acid could limit St3gal5-mediated conversion of

LacCer to GM3, thereby expanding the LacCer pool available as a substrate for the asialo-GSL pathways.

Under  these  conditions,  LacCer  could  be  converted  to  GA2  and  GA1  via  B4galnt1  and  B3galt4,

respectively.

In  the  forebrain  and  cerebellum,  GlcCer  levels  were  consistently  reduced  in  the  knock-in  model,

accompanied by increased lysosomal Gba1 activity, while cytosolic Gba2 activity remained unchanged.

Elevated  Gba1  activity  facilitates  increased  lysosomal  GlcCer  hydrolysis;  however,  lysosomal

glucocerebrosidase is generally not rate-limiting for basal GSL turnover under physiological conditions.

Accordingly, the observed reduction in GlcCer abundance is unlikely to be explained solely by enhanced

lysosomal degradation. Reduced GlcCer levels may also reflect altered metabolic flux through the GSL

pathway,  redistribution  of  GlcCer  among  subcellular  pools,  or  diversion  of  GlcCer  into  alternative

biosynthetic  or  catabolic  routes  in  the  context  of  sialin  deficiency.  Discriminating  among  these

possibilities  requires  direct  quantification  of  downstream  metabolites,  such  as  glucosylsphingosine

(GlcSph),  as  well  as  stable-isotope  flux-based  and  subcellular  analyses.  Nonetheless,  these  findings

support  the  notion  that  selective  bottlenecks  and maladaptive  feedback  within  GSL pathways  likely

contribute to the pathobiology of FSASD.

Free sialic acid and GSL accumulation

The observed correlation between elevated free sialic acid and increased GSL levels in the knock-in

mouse  model  of  FSASD may initially  appear  paradoxical,  given  the  impaired  lysosomal  sialic  acid

recycling  characteristic  of  the  disorder.  However,  the  accumulation  of  free  sialic  acid  within  the

lysosomes  could  contribute  to  secondary  GSL  storage  as  free  sialic  acid  can  competitively  inhibit
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lysosomal sialidases  (Mendla and Cantz, 1984; Miyagi and Yamaguchi, 2012). Additionally, alterations

in the intra-lysosomal environment, such as changes in pH (Schmid et al., 1999) potentially due to sialin

deficiency and the accumulation of free sialic acid, may impair multiple acid hydrolases  (Pillay et al.,

2002).

Although no therapies are currently approved for FSASD, approaches such as GM2 substrate reduction,

modulation of sialidase activity, and enhancement of lysosomal function or autophagic flux (e.g.,  via

TFEB activation) are conceptually aligned with our findings. Given the non-uniform regional biology

observed in the knock-in mouse brain and human-mouse species-specific differences in GSL metabolism,

careful  preclinical  evaluation  will  be  required  to  determine  appropriate  targets  and  optimal  dosing

windows.

Limitations

While this study provides valuable insights into the neuropathology of FSASD, several limitations must

be acknowledged.  First,  most  experiments were conducted using Cohort  I  (comprising 1 male and 5

female mice), while Cohorts II-IV consisted exclusively of male mice. This approach was implemented to

initially  validate  the  findings  from Cohort  I  and  to  control  for  sex as  a  biological  variable,  thereby

ensuring more streamlined interpretation of the results. Next, enzyme activity and sialic acid levels were

not  assessed  in  Cohort  III,  which  precludes  an  evaluation  of  early  mouse  timepoints  and  effects

specifically  in  male  mice.  Additionally,  this  study  was  performed  using  a  hybrid  B6J:S129  mouse

background;  therefore,  consideration  should  be  given  to  backcrossing  the  model  onto  a  pure  B6J

background  for  future  studies  to  assess  background-specific  effects.  Finally,  because  the  untargeted

lipidomics analyses were conducted with a limited number of biological replicates (n = 2 per genotype),

additional replicates will be necessary in future studies to enable more robust quantitative conclusions.

Despite these limitations, this study provides a comprehensive biochemical profiling of an in vivo mouse

model of FSASD, with a focus on the dysregulation of GSL metabolism in the context of the disorder.
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The observed dysfunction in the brain highlights the organ’s susceptibility and suggests that it plays a role

in the neuropathology of FSASD, potentially serving as a target for therapeutic interventions aimed at

modulating GSL metabolism or enhancing autophagic flux. Overall, this study underscores the intricate

interactions  between sialin  deficiency and GSL metabolism in  neurodegeneration  and their  potential

contribution to FSASD pathogenesis.
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Figure legends

Figure 1. Sialic acid levels across mouse tissues (Cohort I; n = 3 mice per genotype). (A) free sialic

acid levels,  (B)  total sialic acid levels, and  (C)  bound sialic acid levels. Bound levels were derived by

subtracting free levels from total levels. All levels were normalized to total protein content. Each point

corresponds to one biological sample. Mean ± SEM; unpaired t-test with p-value <0.05 (*), <0.005 (**),

<0.0006 (***), <0.0001 (****), and ns = not significant.

Figure 2.  Levels of  total  GSLs and individual GSL species in mouse forebrain and cerebellum

(Cohort  I;  n  =  3  mice  per  genotype).  Levels  in  (A)  forebrain  and  (B) cerebellum.  Levels  were

normalized to total  protein content.  Each point  corresponds to one biological  sample.  Mean ± SEM;

unpaired t-test p-value <0.05 (*), <0.0099 (**), <0.0001 (***), and ns = not significant.

Figure 3. Levels of total GSLs and individual GSL species in mouse peripheral tissues (Cohort I; n

= 3 mice per genotype).  Levels in  (A)  liver and  (B) kidney. Levels were normalized to total protein

content. Each point corresponds to one biological sample. Mean ± SEM; unpaired t-test p-value <0.05 (*),

<0.0001 (***), and ns = not significant.

Figure  4.  Glycosphingolipid  (GSL)  and  sialic  acid  (SA)  metabolism  gene  expression  in  mouse

forebrain and cerebellum (Cohort IV; n = 4 mice per genotype).  GSL biosynthesis and catabolism

gene expression in (A) forebrain and (B) cerebellum. SA biosynthesis and catabolism gene expression in

(C) forebrain and (D) cerebellum. Log2 fold change cut-off set at 0 and adjusted -log10 p-value cut-off set

at 10-1.3 (0.05). Red circles (with gene names annotated) indicate genes up or down-regulated meeting the

indicated p-value and log2 fold-change cut-offs. Green circles indicate genes not significantly altered per

the noted p-value and log2 fold-change cut-offs. Refer to Supplementary Table 2 for full details on GSL

and SA metabolism gene expression across each brain region.
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Figure 5. Activity levels of enzymes involved in GSL catabolism in mouse brain tissues (Cohort I; n

= 3 mice per genotype).  Activity levels in  (A) forebrain and  (B) cerebellum. The following enzyme

activities were measured: neuraminidase (Neu1/3/4 and Neu2); β-hexosaminidase (total Hex and HexA);

ɑ-glucosidase (ɑ-gluc); glucocerebrosidase (Gba1 and Gba2); ɑ-galactosidase (ɑ-gal); β-galactosidase (β-

gal); and ɑ-mannosidase (ɑ-mann), described in (Platt, 2023). Activity represented as nmol per hour per

mg total protein content. Each point corresponds to one biological sample. Mean ± SEM; unpaired t-test

p-value <0.05 (*), <0.009 (**), <0.0009 (***), <0.0001 (****), and ns = not significant.

Figure 6. Activity levels of enzymes involved in GSL catabolism in mouse peripheral tissues (Cohort

I; n = 3 mice per genotype). Activity levels in (A) liver and (B) kidney. The following enzyme activities

were measured in each tissue: neuraminidase (Neu1/3/4 and Neu2); β-hexosaminidase (total Hex and

HexA);  ɑ-glucosidase  (ɑ-gluc);  glucocerebrosidase  (Gba1  and  Gba2);  ɑ-galactosidase  (ɑ-gal);  β-

galactosidase (β-gal); and ɑ-mannosidase (ɑ-mann). Activity represented as nmol per hour per mg total

protein content.  Each point corresponds to one mouse.  Mean ± SEM; unpaired t-test p-value <0.05 (*),

<0.005 (**), <0.0008 (***), and ns = not significant.

Figure 7. Summary of GSL and enzyme activity levels across mouse tissues (Cohort I; n = 3 mice

per genotype).  Summary of  (A) GSL and  (B) enzyme activity results in  Slc17a5-R39C/R39C versus

wild-type mice. Up arrows denote significantly elevated GSL species or enzyme activities, while down

arrows indicate significantly reduced levels or activities. An equal sign signifies no significant difference

between Slc17a5-R39C/R39C and wild-type mice. NA (not applicable) indicates that the GSL was not

detected in the specified mouse tissue.
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Supplementary figure legends

Supplementary Figure  1.  Normalization,  principal  component  analysis  (PCA),  and hierarchical

clustering in mouse cerebellum, forebrain, and hemisphere (Cohort II; n = 2 mice per genotype).

Probabilistic quotient normalization of samples in (A) positive ion and (B) negative ion. PCA of samples

in (C)  positive ion and (D) negative ion. Hierarchical clustering of samples in  (E)  positive ion and (F)

negative ion. QC, quality control sample; LH, left hemisphere; RC, right cerebellum; RF, right forebrain;

WT, wild-type; R39C, Slc17a5-R39C/R39C.

Supplementary  Figure  2.  Differential  lipid  abundance  and  lipid  class  enrichment  in  mouse

cerebellum,  forebrain,  and  hemisphere  (Cohort  II;  n  =  2  mice  per  genotype).  Differential  lipid

abundance in (A) positive ion and (B) negative ion. Significance threshold set at 0.05. Log2 fold change

cut-off set at 1. Number of significant lipids noted in each panel. Lipid class enrichment in (C) positive

ion and (D) negative ion. Significance threshold set at 0.05.

Supplementary Figure 3. Lipid class and Reactome pathway enrichment in mouse brain by Slc17a5

genotype (Cohort II; n = 2 mice per genotype).  Lipid class enrichment in (A)  positive ion and  (B)

negative ion.  Significance threshold set  at  0.05.  Using LipidSig,  reactome pathway enrichment using

normalized data is shown for  (C) positive ion (HexCer, LPC, PI, TAG) and (D) negative ion (HexCer,

Cer) modes, using Fisher’s exact test (p-value ≤0.05), top 10 significant terms, and a gene similarity

threshold of 0.5. In the positive ion mode, the top three enriched pathways included post-translational

protein modification (123 lipids, 191 pathway genes, –log₁₀p = 16.11), post-translational modification:

synthesis of GPI-anchored proteins (74 lipids, 81 pathway genes, –log₁₀p = 14.41), and diseases of signal

transduction by growth factor receptors and second messengers (5 lipids, 181 pathway genes, –log₁₀p =

13.21). In the negative ion mode, the top three enriched pathways included sphingolipid metabolism (46

lipids, 61 pathway genes, –log₁₀p = 21.88), formation of the cornified envelope (39 lipids, 43 pathway

genes, –log₁₀p = 20.28), and keratinization (39 lipids, 43 pathway genes, –log₁₀p = 20.28).
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Supplementary Figure 4. GSL levels in mouse tissues (Cohort I; n = 3 mice per genotype). Levels of

(A)  Lac,  (B) GA2, and  (C) several GSL species in the kidney tissues are provisionally assigned and

require  confirmation  via  serial  enzyme  digestion  and  are  included  here  to  ensure  comprehensive

representation.  Each point corresponds to one biological sample.  Mean ± SEM; unpaired t-test p-value

<0.002 (**) and ns = not significant.

Supplementary Figure  5.  Representative  HPLC traces  of  GSLs and glucosylceramide  (GlcCer)

assays in mouse tissues (Cohort I; n = 3 mice per genotype).  GSL HPLC trace in (A) forebrain,  (B)

cerebellum,  (C)  liver,  and  (D)  kidney tissue annotated with provisionally assigned GSL species.  (E)

Representative GlcCer HPLC trace from mouse brain (similar for all tissues).

Supplementary Figure 6.  Levels  of  total  GSLs and individual  GSL species  in  mouse  forebrain

across  three timepoints  (Cohort  III;  n = 4-5 wild-type and n = 3-6 Slc17a5-R39C/R39C mice).

Timepoints include 21-days, ~3 months, and ~5 months. Levels were normalized to total protein content.

Each point corresponds to one mouse, one outlier removed from the R39C/R39C group at 21-days. Mean

±  SEM;  ordinary  ANOVA using  Šídák's  multiple  comparisons  test p-value  <0.05  (*),  <0.005  (**),

<0.0009 (***), <0.0001 (****), and ns = not significant. Statistical analyses were not performed for the

~5-month timepoint due to limited sample size.

Supplementary Figure 7. Levels of total GSLs and individual GSL species in mouse cerebellum

across  three timepoints  (Cohort  III;  n = 4-5 wild-type and n = 3-6 Slc17a5-R39C/R39C mice).

Timepoints include 21-days, ~3 months, and ~5 months. Levels were normalized to total protein content.

Each  point  corresponds  to  one  mouse.  Mean  ±  SEM;  ordinary  ANOVA  using  Šídák's  multiple

comparisons test p-value <0.05 (*), <0.005 (**), <0.0005 (***), <0.0001 (****), and ns = not significant.

Statistical analyses were not performed for the ~5-month timepoint due to limited sample size.
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Supplementary  Figure  8.  Immunofluorescence  studies  in  male  mouse  cerebellum  and  pons.

Immunostaining for DAPI (blue), GM2 (green dots), and LAMP1 (red dots) in the cerebellum of (A) 91-

day-old (n = 1 mouse per genotype) and  (B) 270-day-old mice (n = 1 mouse per genotype). Similar

staining  in  the  pons  of  (C) 91-day-old  and  (D) 270-day-old  mice.  20X (100  µm  scale  bar)  unless

otherwise noted as 63X (20 µm scale bar). WT, wild-type; R39C/R39C, Slc17a5-R39C/R39C.

Supplementary Figure 9.  Quantification of bound sialic  acid from GSLs extracted from mouse

brains  (Cohort  I;  n  =  3  mice  per  genotype).  Bound  sialic  acid  levels  in  (A)  forebrain  and  (B)

cerebellum. Each point corresponds to one mouse. Mean ± SEM; unpaired t-test p-values as indicated.

Supplementary Figure 10. AmplexTM Red quantitation of free cholesterol and cholesteryl esters in

mouse brain homogenates (Cohort I; n = 3 mice per genotype). Abundance in (A) forebrain and (B)

cerebellum. Levels were normalized to total protein content. Each point corresponds to one mouse. Mean

± SEM; unpaired t-test p-values as indicated.
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Tables

Supplementary Table 1. Description of mice included in this study

Supplementary Table 2. Expression of GSL and SA metabolism genes in Slc17a5-R39C/R39C mouse

brain (forebrain and cerebellum) relative to wild-type
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