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Free Sialic Acid Storage Disorder: Progress and Promise
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Abstract

Lysosomal free sialic acid storage disorder (FSASD) is an extremely rare, autosomal recessive,
neurodegenerative, multisystemic disorder caused by defects in the lysosomal sialic acid
membrane exporter SLC17A5 (sialin). SLC17A5 defects cause free sialic acid and some other
acidic hexoses to accumulate in lysosomes, resulting in enlarged lysosomes in some cell types and
10-100-fold increased urinary excretion of free sialic acid. Clinical features of FSASD include
coarse facial features, organomegaly, and progressive neurodegenerative symptoms with cognitive
impairment, cerebellar ataxia and muscular hypotonia. Central hypomyelination with cerebellar
atrophy and thinning of the corpus callosum are also prominent disease features. Around 200
FSASD cases are reported worldwide, with the clinical spectrum ranging from a severe infantile
onset form, often lethal in early childhood, to a mild, less severe form with subjects living into
adulthood, also called Salla disease. The pathobiology of FSASD remains poorly understood and
FSASD is likely underdiagnosed. Known patients have experienced a diagnostic delay due to the
rarity of the disorder, absence of routine urine sialic acid testing, and non-specific clinical
symptoms, including developmental delay, ataxia and infantile hypomyelination. There is no
approved therapy for FSASD. We initiated a multidisciplinary collaborative effort involving
worldwide academic clinical and scientific FSASD experts, the National Institutes of Health
(USA), and the FSASD patient advocacy group (Salla Treatment and Research [S.T.A.R.]
Foundation) to overcome the scientific, clinical and financial challenges facing the development of
new treatments for FSASD. We aim to collect data that incentivize industry to further develop,
obtain approval for, and commercialize FSASD treatments. This review summarizes current
aspects of FSASD diagnosis, prevalence, etiology, and disease models, as well as challenges on
the path to therapeutic approaches for FSASD.
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1. Background

Free sialic acid storage disorder (FSASD; MIM#604369; #269920) is a rare autosomal
recessive, progressive, neurodegenerative, multisystem disorder caused by bi-allelic
pathogenic variants in the SLC17A5 gene (chromosome 6q13; Gene 1D 26503) [1-3].
SLC17A5encodes the lysosomal membrane transport protein SLC17A5 (also called sialin),
a 12-membrane domain lysosomal, proton-coupled carrier that exports sialic acid (N-
acetylneuraminic acid, NeubAc) and other acidic hexoses from lysosomes [3-8]. Defective
SLC17Ab5 leads to intra-lysosomal free sialic acid accumulation and enlarged “vacuolar’
lysosomes, apparent on electron microscopic examination in some cell types (Fig 1A).
Individuals with FSASD excrete ~10-100-fold normal amounts of free (i.e., unconjugated)
sialic acid in urine (Table 1).

Approximately 200 individuals with FSASD have been reported worldwide, of which the
majority (> 160 cases) carry the Finnish founder missense variant p.Arg39Cys in SLC17A5
in homozygous or heterozygous form [1, 2, 9, 10]. Clinical features of FSASD include
organomegaly, coarse facial features and progressive neurodegenerative symptoms including
muscular hypotonia, cerebellar ataxia, and cognitive impairment. Central hypomyelination
with thinning of the corpus callosum and cerebellar atrophy are prominent disease features
(Fig 1B). FSASD patients manifest a continuous phenotypic spectrum of clinical severity
that correlates with the severity of SLC217A5 mutations and the amount of stored free sialic
acid in lysosomes [1, 3, 9-13], similar to some other lysosomal storage diseases [14, 15].
FSASD was historically classified in 3 forms [2, 9], ranging from a mild, slowly progressive
form with individuals living to adulthood, also called Salla disease [MIM #604369] or
Finnish type sialuria and associated with mild (missense) SLC17A5 mutations [1, 16], to an
intermediate form [10, 17] and a severe infantile sialic acid storage disorder (ISSD; MIM
#269920) form, often lethal in early childhood and associated with severe SLC17A5
mutations [18, 19]. The main aspects of the FSASD clinical spectrum are summarized in
Table 1 and detailed in the literature [1-3, 10, 11, 19].

Although sialic acid metabolism, membrane transport, and lysosomal biology have been
extensively studied, the pathobiology of FSASD remains poorly understood. Moreover,
FSASD is likely underdiagnosed; known patients have experienced a diagnostic delay [2,
11] due to the rarity of the disorder, non-specific clinical symptoms and absence of routine
urine sialic acid testing. There is no approved therapy for FSASD, nor are there clinical
trials for FSASD listed on clinicaltrials.gov (November 2020). No drug intended to treat
FSASD has been granted orphan designation (https://www.accessdata.fda.gov/scripts/
opdlisting/oopd/).

The small population of FSASD patients has hindered industry from investing in the pre-
clinical and clinical studies necessary to develop therapies [20, 21]. Recently, however,

Neurosci Lett. Author manuscript; available in PMC 2021 June 11.


http://clinicaltrials.gov
https://www.accessdata.fda.gov/scripts/opdlisting/oopd/
https://www.accessdata.fda.gov/scripts/opdlisting/oopd/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huizing et al.

Page 3

multidisciplinary collaborative efforts involving the National Institutes of Health (NIH),
academic clinical scientists, and patient advocacy groups have successfully overcome the
scientific, clinical and financial challenges facing the development of new drug treatments
for similar rare diseases [20, 22]. Encouraged by these successes, we initiated a collaborative
FSASD consortium, including NIH-based and worldwide academic scientists with clinical
and basic FSASD research expertise, and the Salla Treatment and Research (S.T.A.R.)
Foundation patient advocacy group (https://www.sallaresearch.org/). This consortium will
create and study preclinical cell and mouse models, perform basic/translational research,
initiate a natural history study to aid in the identification of biomarkers and treatment
endpoints, and investigate drug candidates. By generating these data and raising awareness
of FSASDs, we hope to incentivize industry to further develop, obtain approval, and
commercialize FSASD treatments.

This review addresses the current status, progress, pending requirements and opportunities to
advance drug development efforts for this intriguing rare inborn error of sialic acid
metabolism.

1. FSASD Disease Nomenclature

When FSASD was first described by Aula et al., 1978 it was named Salla disease after the
geographical region in Finnish Lapland where the first known patients resided [16]. Later,
individuals outside of Finland with a much more severe clinical course were described as
exhibiting infantile sialic acid storage disorder (1ISSD) [23]; other reports named the disorder
sialic acid storage disorder (SASD) [7, 24] or Finnish type sialuria [25] to distinguish it from
the non-lysosomal form of excessive sialic acid production, French type sialuria
(MIM#269921) [26, 27]. The term Salla disease is now used in the literature not only for
FSASD cases with the Finnish founder variant in SLC17A5, but also for any mild FSASD
cases, independent of the mutation or region of origin.

The multiple historic names for this allelic disorder, all caused by defects in the gene
SLC17A5, continue to be used in the literature and disease databases. This becomes
increasingly confusing for clinicians, patients, researchers, genetic diagnostic laboratories
and disease databases and, ultimately, the pharmaceutical rare disease industry. Therefore,
we propose to consistently name the disorder ‘ Free Sialic Acid Storage Disorder (FSASD),
referring to the entire spectrum of disease severity and replacing all previous disease
definitions. With FSASD referring to the entire spectrum of disorders associated with
SLC17A5 deficiency, improvements will follow in worldwide disease awareness, diagnosis,
estimations of disease prevalence and, ultimately, support for a path to therapy.

2. Sialic Acid Metabolism

Sialic acids are a diverse family of negatively charged sugars and occupy terminal positions
of oligosaccharide chains of most glycans (glycoproteins and gangliosides), on which they
mediate a variety of biological functions and play essential roles in disease processes [28,
29]. The most abundant mammalian sialic acid and the precursor of most other sialic acids is
N-acetylneuraminic acid (Neu5Ac), generally referred to as sialic acid [29, 30]. Free sialic
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acid metabolism occurs in different cellular compartments and is divided into three
processes, i.e., biosynthesis, salvage and degradation (Fig 2). De novo enzymatic sialic acid
biosynthesis occurs mainly in the cytosol but also includes a nuclear step and a negative
feedback-inhibition mechanism [31-34]. Free sialic acid sa/vage from degradation of
recycled glycans occurs in lysosomes and free sialic acid exits lysosomes into the cytosol
through the SLC17A5 membrane transporter [1, 35, 36]. Catabolic degradation of sialic acid
into N-acetylmannosamine (ManNAc) and pyruvate by N-acetyl-neuraminate pyruvate lyase
(NPL), also known as sialic acid aldolase, occurs in the cytosol [37, 38].

It remains unclear how free sialic acid biosynthesis, salvage and degradation pathways are
regulated and contribute to steady state free sialic acid levels. Studies of inborn errors in free
sialic acid metabolism have clarified some aspects (Fig 2) [38-40]. Apart from FSASD,
there are two other sialic acid metabolism disorders, sialuria and NPL deficiency, associated
with significantly increased urinary free sialic acid (Table 1). The dominant disorder (French
type) sialuria (MIM 269921) is due to a monoallelic mutation in the allosteric site of UDP-
GIcNAC 2-epimerase/ManNAc kinase (GNE), the initial and rate-limiting enzyme in sialic
acid synthesis. The mutation prevents feedback inhibition of GNE by CMP-sialic acid,
leading to constitutive production of cytoplasmic free sialic acid and resulting in excessive
urinary free sialic acid excretion (100-1000x normal) and increased cytoplasmic free sialic
acid in fibroblasts and lymphoblasts (Fig 2, Table 1) [27, 33, 34, 41]. Sialuria has been
described in only 11 cases worldwide and presents with relatively mild organomegaly,
coarse facial features and varying degrees of developmental delay [33, 41, 42]. NPL
deficiency (MIM 611412) is due to biallelic mutations in the A/PL gene, leading to decreased
cytoplasmic free sialic acid degradation and increased urinary (~ 10x normal) and red blood
cell (50-100x normal) free sialic acid levels, but no detectable free sialic acid accumulation
in fibroblasts [38]. NPL deficiency, so far described in only 2 siblings, presents with a
progressive cardiac myopathy and mild skeletal myopathy. These findings are likely not due
to cytosolic accumulation of sialic acid, since they are absent from sialuria subjects with
much greater elevations in cytoplasmic free sialic acid compared with NPL deficiency [38].

The apparent rarity of these 3 inborn errors of sialic acid metabolism, all characterized by
elevated urinary free sialic acid, can be due to failure to diagnose these diseases because of
unfamiliarity with these disorders, the nonspecific nature of the clinical features and,
importantly, absence of routine testing for urinary sialic acid. Once increased free sialic acid
is detected, these conditions can be easily distinguished by molecular genetic testing of
SLC17A5 (for FSASD), GNE (for sialuria) or NPL (for NPL deficiency) and/or determining
the cellular localization (cytoplasmic versus lysosomal) of free sialic acid (Table 2). A
predominantly lysosomal localization indicates a FSASD; cytoplasmic localization indicates
sialuria or NPL deficiency. Of note, other causes of mild elevation in urinary free sialic acid
may exist.

3. FSASD Diagnosis

FSASD should be considered in probands with a clinical presentation of global
developmental delay or cognitive impairment, particularly affecting speech development,
and regression combined with coarse facies, failure to thrive, organomegaly, truncal
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muscular hypotonia, ataxia, spasticity, bone anomalies, or short stature [2, 11]. More
comprehensive clinical aspects and age of onset of the FSASD spectrum are summarized in
Table 1 and detailed in the literature [1-3, 10, 11, 19]. MRI findings (hypomyelination,
progressive cerebellar atrophy and small corpus callosum) (Fig 1B) and electron microscopy
of skin biopsy (vacuolated cells; Fig 1A) may support the FSASD diagnosis [1, 3, 10, 43].
The non-specific clinical features of FSASD (developmental delay, ataxia, infantile
hypomyelination) create an extensive differential diagnosis that contributes to the diagnostic
delay [2, 3]. Coarse facial features of FSASD include hypertelorism, flat-bridged nose,
depressed nasal bridge, broad nasal tip, long philtrum, broad forehead/brachycephaly (Fig
1C).

A few reported FSASD cases were diagnosed prenatally by biochemical and/or genetic
testing of chorionic villi or amniotic fluid cells. These cases had a prior affected sibling or
exhibited prenatal features suggestive of FSASD [11, 44-46]. Intrauterine ultrasound
examination, fetal autopsy or clinical examinations were reported to show coarse facial
features, often with prominent ascites [45, 47, 48] or in some severe cases hydrops fetalis
[11, 45, 49]. Importantly, a recent retrospective study of nonimmune hydrops fetalis found
that 15-29% of cases were caused by LSDs and 18% (5/28) of those had FSASD,
identifying FSASD as one of the most common LSDs associated with nonimmune hydrops
fetalis [49].

Detecting elevated free sialic acid in fibroblasts, urine and/or cerebrospinal fluid supports
the suspicion of FSASD, although other disorders of free sialic acid excretion are known
(Fig 2, Table 1). The FSASD diagnosis was historically confirmed by demonstrating
lysosomal (rather than cytoplasmic) localization of elevated free sialic acid in cultured cells
[3, 18, 50], but is now mostly confirmed by genetic testing detecting bi-allelic SLC17A5
mutations [1-3, 9, 11].

Although well-established analytic methods to determine free and/or bound sialic acid exist,
including colorimetric and fluorometric analysis (thiobarbituric acid assay) [51], H-NMR
spectroscopy [52], thin-layer chromatography [53, 54], high performance anion-exchange
chromatography with pulsed amperometric detection (HPAE-PAD) [55], and liquid
chromatography mass spectrometry (LC/MS) [53, 56], there is a lack of routine screening
for urinary free sialic acid. This contributes to the considerable diagnostic delay for
individuals with FSASD [11]. Identification of additional and reliable FSASD-specific
biomarkers would also be clearly of value in diagnoses and therapeutic interventions.

With the current lack of disease-specific (blood-based) biomarkers, we strongly advocate for
early genetic testing of suspected cases, since bi-allelic SLC17A5 pathogenic variants
ultimately confirm the diagnosis. An early diagnosis is important, to allow for accurate
genetic counseling and management of disease symptoms, reduce emotional hardship for
families, reduce costs for future diagnostic tests, and make the patient eligible for possible
future therapeutic options that may halt progression of this neurodegenerative disease. The
lack of blood-based biomarkers also supports the inclusion of SLC17A5in molecular-based
newborn screening, once it is implemented and once FSASD therapies become available. A
recent pilot study in Germany showed efficacy of a molecular-based neonatal screening
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program for cystinosis using the existing national screening framework, leading to neonatal
diagnosis and successful treatment of an infant [57].

4. SLC17A5 Molecular Genetics

The SLC17A5 gene, on chromosome 613, consists of 11 exons transcribing a main mRNA
splice variant 1 (NM_012434) that encodes a 495 amino acid protein (~54 kDa;
NP_036566). Recently, 8 additional SLC7A5mRNA splice variants were added to
databases (Gene ID 26503), the biological expression and relevance of which remain to be
determined.

As of December 2020, more than 55 pathognomonic SLC17A5 variants were listed in the
Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC17A5).
Although most reported variants are missense (27 variants), nonsense (6 variants), splicing
(7 variants), small deletions (8 variants), gross deletions or insertions (8 variants) have also
been reported. Two frequent SLC17A5 missense variants occur, i.e., p.Arg39Cys (c.115C>T;
NM_012434), a founder variant originating from the Salla region in Finland, and
p.Lys136Glu (c.406 A>G; NM_012434), occurring in patients worldwide. The vast majority
of reported SLC17A5 variants were identified by direct sequencing in research-based
clinical laboratories [1, 2, 9, 11, 45, 58]. Next generation sequencing strategies and inclusion
of SLC17A5 gene in commercially available lysosomal storage disease (LSD) gene panels
will undoubtedly identify additional cases and SLC17A5 variants in the near future.

SLC17A5 gene variants cause loss of function (transport activity) and/or intracellular mis-
localization of the SLC17Ab5 transporter [4, 59, 60]. Penetrance of FSASD appears
complete, although penetrance based on urinary studies alone may be incomplete, since two
individuals homozygous for p.Lys136Glu had elevated CSF free sialic acid levels but normal
urinary sialic acid levels [58]. Heterozygous carriers of SLC17A5 variants are unaffected,
and have urinary free sialic acid levels in the normal range [1, 61]. A genotype-phenotype
correlation exists for SLC17A5 variants, apparent in the milder phenotype found in
individuals homozygous for the p.Arg39Cys variant [2, 9, 18]. However, phenotypic
variation in some individuals with identical SLC17A5 variants suggests involvement of
additional genetic or environmental factors [62, 63]. Of note, SLC17AD5 variants, including
p.Arg39Cys, have been identified as risk factors for Parkinson’s disease [64].

5. Epidemiology

The worldwide prevalence of FSASD is currently estimated at less than 1 per 1,000,000
individuals (https://www.orpha.net/). Higher estimated prevalence rates of 1-9/1,000,000
occur in the Salla region in Finland, where the carrier frequency of the SLC17A5
p.Arg39Cys founder variant is 1 in 100 [9]. There are approximately 200 individuals with
FSASD reported worldwide, of which the majority (> 160 cases) carry the p.Arg39Cys
variant in homozygous or heterozygous form. A variety of SLC17A5 pathogenic variants are
reported in more than 50 individuals worldwide, including Israeli-Bedouin (homozygous for
p.Gly328Glu) [63], Canadian-Inuit (homozygous for ¢.526-2A>G) [65], Old Order
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Mennonite (homozygous for p.Arg39Cys) [66], Italian, Danish, Spanish, Dominican,
Kurdish, and Japanese [11].

For a better understanding of the worldwide FSASD prevalence, we used SLC17A5gene
variants listed in the GnomAD database (https://gnomad.broadinstitute.org/; accessed
December 2020). Since FSASD is associated with bi-allelic variants in one autosomal gene
locus (SLC17A5), and assuming random mating in an indefinitely large population, we
applied the Hardy-Weinberg principle of population genetics (p? + 2pq + g2 = 1; Table 3,
Supp. Table S1) [67-69] to calculate disease prevalence. We aggregated all pathogenic
SLC17A5 variants into a single category to use this simple binomial expression (detailed in
Supp Table S1).

To avoid over-estimating SLC17A5 variant allele frequencies, we did not include intronic
variants more than 2 nucleotides away from exon boundaries, synonymous variants, or any
missense variant with a ‘benign’ or ‘likely pathogenic’ pathogenicity score (per Variant
Effect Predictor in GnomAD) (Supp. Table S1). We also omitted the number of Finnish
alleles with the p.Arg39Cys variant (149 alleles), but we included non-Finnish alleles with
this variant (79 alleles). This resulted in a conservative estimate of the prevalence of FSASD
to be at least 3 per 1,000,000, with a carrier rate of 1/286 individuals (heterozygotes) (Table
3). Assuming this database represents the worldwide population diversity, these data
translate to a prevalence of ~23,000 global FASD cases, with ~13,000 in Asia, ~2,000 in
Europe and ~1,700 in North America. However, embryonic lethality of severe cases and
childhood death of intermediate severe cases [14, 44, 49] will reduce the number of living
FSASD cases significantly. Nevertheless, given that ~200 FSASD cases are reported in the
literature, these prevalence values confirm suspicions that many FSASD cases go
undiagnosed. Based on GnomAD data of Finnish alleles, we estimate that FSASD due to the
homozygous p.Arg39Cys variant has a carrier rate of ~1 per 84 individuals in the Finnish
population, translating to a prevalence of ~35 FSASD cases per million (~190 FSASD cases)
in Finland (Table 3).

6. FSASD Etiology

The exact pathophysiology of FSASD remains unknown. Effects of SLC17A5 mutations on
sialic acid transport activity, SLC17AS5 intracellular localization, and amount of stored free
sialic acid have been directly correlated with disease severity and survival [19,83,85]. Loss
of function of SLC17A5 due to FSASD-associated mutations was demonstrated by utilizing
the SLC17A5 N-terminal dileucine lysosomal targeting motif, DRTPLL (Fig 3) [4, 70].
Newly synthesized SLC17Ab5 traffics to the plasma membrane, from where it is rapidly
internalized to the endo-lysosomal system by coat proteins recognizing the dileucine
targeting motif [4]. Expression of SLC17A5 with an altered targeting motif results in plasma
membrane expression, allowing for the use of whole cell uptake assays to measure transport
activity and intracellular localization [4, 59, 71, 72]. While missense variants associated with
more severe phenotypes had absent sialic acid transport activity, the variants associated with
a milder phenotype (p.Arg39Cys, p.Lys136Glu) had residual transport activity [4, 59, 71].
Some variants also showed partial Golgi retention [72, 73] or endoplasmic reticulum (ER)
retention [59]. These findings confirmed an SLC17A5 loss of function disease mechanism
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and a genotype-phenotype correlation for most tested variants. However, reported clinical
heterogeneity in some FSASD siblings with identical mutations also suggests a role for
genetic or environmental factors in FSASD clinical variability that might have therapeutic
implications [62, 63].

It is unknown how accumulated intra-lysosomal free sialic acid or other stored compounds
(e.g., glucuronic acid, gluconic acid) contribute to disease pathology [3-6]. Similarly, the
clinical effects of alternative transport functions of SLC17A5, i.e., the uptake of glutamate,
aspartate or N-aspartyl-glutamate into brain synaptic vesicles [74, 75] and plasma-
membrane nitrate transport in salivary gland acinar cells [76], remains enigmatic. Also, the
relevance and tissue expression of the 8 recently released human SLC17A5 isoforms (Gene
ID 26503) have not been explained. The effects of SLC17A5 deficiency and lysosomal free
sialic acid storage on cellular sialic acid metabolism, including protein glycosylation, also
remain to be elucidated. These poorly studied features suggest that the function of SLC17A5
may be more complex than simply mediating the efflux of sialic acid from lysosomes.

SLC17A5 might play a role in determining lysosomal pH, since it is a proton-driven
transporter [59, 77] and its activity is pH dependent [4, 59]. Changes in the intra-lysosomal
milieu due to SLC17AS5 deficiency, resulting from reduced trafficking of protons or acidic
sugars, may affect other lysosomal functions. Most studies report normal lysosomal enzyme
activities in FSASD cultured fibroblasts [53, 78-80], but some studies have reported
increased levels and decreased turnover of sialoglycoproteins and gangliosides in lysosomes
of FSASD cells [79, 81, 82]. The excessive accumulation of free sialic acid may lead to
secondary storage of sialoglycoproteins and gangliosides, since sialic acid is a competitive
inhibitor for lysosomal neuraminidases [83, 84]. The accumulation of sialo-glycoconjugates
and gangliosides in FSASD tissues may contribute to the development of clinical symptoms,
in particular in the central nervous system (CNS) [85-87], similar to other lysosomal storage
diseases [88].

The sialylation status of membrane glycoconjugates, in particular brain gangliosides, in
FSASD remains to be determined and may contribute to the CNS symptoms and
hypomyelination. Reduced ganglioside sialylation is associated with reduced myelination
[89], as it affects function of myelin-associated glycoprotein (MAG), a component of the
myelin sheet [90]. Hyposialylation of polysialic acid-neural cell adhesion molecule (PSA-
NCAM) also affects CNS myelination [91, 92]. An S/c17a5 knock-out mouse was reported
having aberrant expression of PSA-NCAM, possibly underlying the decrease of mature
myelinating oligodendrocytes [87].

CNS manifestations in FSASD were also suggested to result from a non-lysosomal brain-
specific function of SLC17A5 as a vesicular transporter for glutamate or aspartate [74, 93].
SLC17AS5 carrying the p.Arg39Cys variant completely lost aspartate and glutamate transport
activity, while it retained residual H*/sialic acid cotransport [74], suggesting that impaired
aspartergic and glutamatergic neurotransmission in FSASD may contribute to the CNS
dysfunction [74, 94]. This hypothesis supports the fact that neurological symptoms
predominate in mild FSASD (p.Arg39Cys mutation), implying that the CNS is more
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sensitive to SLC17A5 defects than peripheral tissues. However, a role for aspartergic
neurotransmission is unlikely as it is not altered in S/c17a5knock-out mice [95].

FSASD Disease Models

FSASD patients’ cells are the most frequently used model for the disorder. FSASD skin
fibroblasts and lymphablasts/leukocytes were historically used for diagnostic purposes and
to elucidate parts of the disease mechanism [1, 6, 7, 18, 50, 53, 79, 81, 83]. FSASD cultured
fibroblasts were also successfully used for metabolic oligosaccharide engineering (MOE)
[96], resulting in a cellular functional assay using chemically modified ManNAc or Neu5Ac
that can be traced to newly synthesized sialoglycoconjugates. This assay can be used to
screen for therapeutic molecules that restore SLC17A5 function (Fig 1D) [97, 98]. The
development of techniques for generating organoids from induced pluripotent stem cells
(iPSCs), including brain organoids [99], has created opportunities for new application of
patient specific models for FSASD with relevance to the neurodevelopmental and
neurodegenerative phenotypes. Therefore, generation of human iPSCs from fibroblasts of
FSASD patients should be pursued; they will be a valuable resource to model the disease
and screen for therapeutics through differentiation to specialized cell types (such as neurons,
oligodendrocytes) or organoids (such as brain) as has been reported for some other
lysosomal storage disorders [100-102]. Limited studies on FSASD mouse neuronal cells
have been reported so far [87, 93]; such studies would be informative and should be
promoted to study FSASD disease mechanisms.

The only reported FSASD model organisms are S/c17a5 knock-out mouse models [87, 103].
These mice experienced growth delays, a severely reduced lifespan, prominent lysosomal
vacuolization in central and peripheral tissues, lysosomal accumulation of free sialic acid
and glucuronic acid, and a progressive leukoencephalopathy with a postnatal progressive
delay of milestone achievement (Fig 1E) [87, 103]. The leukoencephalopathy was
characterized by a decreased number of myelinated axons and post-mitotic
oligodendrocytes, with the latter associated with an increased percentage of apoptotic cells
during later stages of myelinogenesis. Such changes were believed the cause of coordination
defects, seizures, and premature death, all of which are consistent with human FSASD.
Ultrastructural analysis showed normal migration and proliferation of oligodendrocyte
precursor cells (OPCs) but a reduction in mature myelin-producing oligodendrocytes that is
likely a consequence of oligodendrocyte lineage apoptosis. A delayed reduction of
developmentally regulated PSA-NCAM was proposed as a mechanism for the impaired
myelination and reduction in oligodendrocyte number [87]. The short lifespan of the
Slc17a5knockout mice (up to ~ 3 weeks) is restrictive for therapeutic studies, so such
studies may benefit from generation of a knock-in FSASD mouse model, preferably
mimicking one of the more common FSASD-associated SLC17A5 mutations, i.e.,
p.Arg39Cys or p.Lys136Glu.

8. FSASD Therapeutic Approaches

There is no approved therapy for FSASD. The medical and psychosocial management of
subjects is symptomatic and supportive [2]. The fact that the amount of stored free sialic
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acid appears to correlate with survival of afflicted individuals [3, 11] suggests reduction of
stored material as a therapeutic target. Also, the absent phenotype in heterozygous SLC17A5
carriers (having ~50% transport activity) [7], in combination with the retained SLC17A5
transport activity (~ 10% activity) and milder disease symptoms in cases with certain
missense mutations (p.Arg39Cys, p.Lys136Glu, p.Gly409Glu) [4, 59, 72, 104] suggests that
therapeutic approaches directed at only partially increasing the expression or stability of
mild mutations and/or transport activity of other mutations may prove beneficial. In addition,
the majority of reported FSASD cases have at least one p.Arg39Cys mutated allele [9],
which makes therapeutic targeting of this variant appealing. In fact, the above-mentioned
therapeutic targets were pursued in a recent study, which used a previous three-dimensional
(3D) homology model of human SLC17A5 [8] to virtually screen for SLC17A5 chaperones.
One compound partially rescued the trafficking defect of the p.Arg39Cys variant, but
unfortunately did not rescue SLC17Ab5 transport activity in mutant cells [105]. This study
helps set the stage for future pursuits of effective SLC17A5 therapeutic chaperones.

The increasing interest of cell biologists in lysosomal biology, coupled with rapidly
improving experimental and diagnostic tools, new animal models, and increased funding for
rare disease research and therapeutics, have recently improved preclinical development of
therapies for several other lysosomal membrane transporter disorders; some of these
approaches may prove beneficial for FSASD.

Cell-based therapies:

Therapeutic trials of stem cells for FSASD have not occurred. Hematopoietic stem cell
transplantations (HSCT) for other disorders of lysosomal membrane transporters are under
investigation and, although it may eliminate some symptoms [106], HSCT is not curative for
the neurological features [106—110]. Therefore, the risks of HSCT may outweigh those of
the disorder itself [106].

Chaperone-based or small molecule therapies:

Such therapies may be effective for certain SLC17A5 point mutations that result in
membrane protein misfolding, degradation, trafficking defects, or impaired channel activity.
A virtual 3D model-based screening study for SLC17A5 ligands was recently reported [8,
105]. And high-throughput (repurposed) drug screening on FSASD cells should be
encouraged, for which drug-based effects might be visualized using metabolic
oligosaccharide engineering (MOE) (Fig 1D) [96]. Chaperone-based studies for other
membrane transporter disorders, including identification of activating compounds for the
mutated transmembrane channels TRPML1 in mucolipidosis type 1V [111], HGSNAT in
mucopolysaccharidosis 111C [110], and for the p.Gly551Asp pathogenic variant in the cystic
fibrosis transmembrane conductance regulator (CTFR) in cystic fibrosis [112], could inform
future chaperone-based studies for SLC17A5 channel activity.

A limitation of most small molecule drugs under preclinical or clinical investigation for
other disorders is that while they can reduce disease symptoms or slow disease progression,
they do not correct the primary deficiency and are thus not a cure. In addition, these drugs
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typically require frequent lifelong administration, and, for treatment of neurological
symptoms, must repeatedly contend with the difficulty of crossing the blood brain barrier.

Gene Editing/Therapies:

Gene therapy approaches in monogenic diseases like FSASD have the potential to correct
underlying genetic defects, offering a cure rather than simply symptom management. Gene
therapy may require only a single dose to gain lifelong improvement, and methods that cross
the blood brain barrier are evolving [113-115]. While protein-replacement therapies for
lysosomal enzymes or other soluble proteins are in clinical development [116], for
lysosomal transporter disorders like FSASD this approach is more complex; hence, these
disorders may benefit more from investments in gene therapy approaches. So far, gene
therapy for other lysosomal membrane transporter disorders has only reached the clinical
stage for the lysosomal storage disorders neuronal ceroid-lipofuscinosis 3 (MIM#204200;
caused by CLN3gene defects), for which subjects receive intracranial injections of AAV9-
CLN3 (ClinicalTrials.gov Identifier: NCT03770572) [117] and for cystinosis
(MIM#606272; caused by CTNS gene defects), for which subjects are transplanted with
autologous hematopoietic stem cells ex vivo transduced with a lentiviral vector containing
an intact C7NS gene (ClinicalTrials.gov Identifier: NCT03897361) [107, 118]. Gene-based
therapy for some other disorders associated with membrane transporter defects, including
autosomal dominant osteopetrosis type 2 (OPTA2, MIM#166600; caused by CLCN7 gene
defects) [119], are progressing. For FSASD, apart from gene therapy delivering a functional
SLC17A5 gene, (CRISPR-based) gene editing approaches, in particular those that correct
the common p.Arg39Cys missense variant, may be feasible. Preclinical research in this area
should be promoted.

Transcription factor EB (TFEB):

Activation of TFEB has emerged as an exciting therapeutic approach for LSDs [120].
Increasing expression and/or nuclear translocation of TFEB results in upregulated lysosomal
biogenesis and function, including exocytosis and autophagy pathways; that helps deplete
LSD-lysosomes of their accumulated materials and/or renew lysosomes or cells. The
lysosomal membrane-associated mTORC1 kinase complex, which is involved in lysosomal
nutrient sensing and TFEB activation [121], is reported to be affected in mucolipidosis type
IV (MLIV) [120, 122], but it also appears to be affected in cystinosis [123, 124]. Activation
of TFEB with the tyrosine kinase inhibitor genistein rescued lysosomal abnormalities in
cystinotic kidney cells [123]. In a mouse model of CLN3, neuropathy and survival improved
with either trehalose or MK2206 treatment. Both these drugs prevent TFEB
phosphorylation, resulting in its translocation into the nucleus, triggering enhanced
clearance of proteolipid aggregates in these CLN3 mice [125]. These findings open new
perspectives for clinical application of TFEB-mediated enhancement to FSASD and other
lysosomal membrane transporter disorders.

9. Concluding Remarks

While we live in a time of unprecedented opportunities for rare disease research and
therapeutics, more than 90% of rare diseases still lack an effective treatment. Long research
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and development timelines, high development and production costs, and small numbers of
patients for each rare disease make industry and academic researchers weigh the cost, time
and risks associated with therapy development [20, 21]. Recent multidisciplinary efforts
successfully overcame scientific, clinical and financial challenges facing the development of
new drug treatments, including an effort for the lysosomal storage disorder Niemann Pick
Disease Type C [22].

FSASD is a typical example of one such rare disease, which still lacks therapeutic initiatives
two decades after identification of SLC17A5as causative for FSASD [1]. Our recently
initiated multidisciplinary consortium aims to collaboratively accelerate therapeutic
development for FSASD. This review summarizes the current status, recent progress and
opportunities for FSASD and can be used as a guide to address the substantial number of
pending aspects (Table 4) that require our collaborative attention to bring therapeutic options
to individuals afflicted with this challenging inborn error of sialic acid metabolism.
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HIGHLIGHTS:

FSASD is an underdiagnosed neurodegenerative multisystem lysosomal
storage disease

FSASD is caused by defects in the lysosomal free sialic acid exporter
SLC17A5

FSASD should be considered in individuals with hypomyelination on brain
MRI

The SLC17A5gene should be included in lysosomal storage disease (LSD)
gene panels

A research consortium is generating preclinical data for FSASD drug
development
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Figure 1: Compilation of FSASD Features
(A) Electron micrograph of a skin biopsy from an intermediate FSASD subject. Dermis

revealing blood vessels with endothelial cells (£) and pericytes, a nerve (A) bundle with
Schwann cells (SC), and fibroblasts (F). The endothelial cells, fibroblasts, and Schwann
cells have numerous enlarged, vacuolar shaped, lysosomes (3860x). Inset: Schwann cell
containing enlarged lysosomes, most of which are electron lucent; some contain fine fibrillar
material (17,550x). Image derived from [17], with permission from Elsevier Inc.

(B) Brain MRI of the same intermediate FSASD subject as in (A) at 10 months of age (right
images) compared to age-matched control images (left). Top: Axial T1-weighted, Bottom:
Sagittal midline T1-weighted. Note widespread and profound hypomyelination throughout
the cerebral and cerebellar hemispheres and small corpus callosum (red arrows). FSASD
images derived from [17], with permission from Elsevier Inc.

(C) Coarse facial features of FSASD include hypertelorism, flat-bridged nose, depressed
nasal bridge, broad nasal tip, long philtrum, broad forehead/brachycephaly, depicted in a 4.5
year old girl [10] and a 30-month old girl [17], both presenting with intermediate FSASD.
Images with permission from Elsevier Inc.
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(D) Ultrastructural images of control and S/cZ7A57~ (knock-out, FSASD) mice cervical
spinal cord (top) and optic nerve (bottom) cut in cross section demonstrate a decrease in the
number of myelinated axons in these tissues in FSASD mice. Scale bars, 2 um. Image
derived from [87] (Copyright 2009 Society for Neuroscience).

(E) Fibroblasts from healthy individuals (Control) and an FSASD patient (FSASD) were
metabolically labelled with either ManNAI or Neu5SNAI for 8 hours and labeled with
AzidoFluor 545 fluorescent probe (red) and the nuclear dye DAPI (blue). Cells were then
examined using confocal microscopy (Scale bars: 50 um). 7op images. After incorporation
of ManNAl, labeled sialylated glycoconjugates were mainly observed in the perinuclear
Golgi-like region of both control and FSASD cells, indicating that FSASD cells have the
capacity to transform ManNAI into CMP-Neu5NAI, which was then incorporated into the
newly synthesized glycoconjugates. Bottom Images. The FSASD cells labeled with
Neu5NAI displayed no staining. These results show the inability of NeuSNAI to reach the
cytosol and be converted to CMP-Neu5NALI in FSASD cells, consistent with cellular Neu5Al
import through the endocytic pathway [128], thus circumventing the absence of a plasma
membrane sialic acid transporter. These results confirm not only the crucial role of
SLC17A5 in NeuSNAI metabolism, but also the potential of this metabolic labeling
methodology to decipher deficiencies in sialic acid pathways. Images derived from [98],
with permission from The Royal Society of Chemistry.
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Figure 2: Intracellular Free Neu5Ac Metabolism and Associated Genetic Disorders
Intracellular free NeuSAc metabolism comprises three processes:

(A) Cytoplasmic free NeubAc biosynthesis is initiated with the conversion of UDP-N-acetyl
glucosamine (UDP-GIcNAC) in a few enzymatic steps to NeuSAc, which is activated in the
nucleus to CMP-Neu5Ac and then transported back to the cytosol [31, 32, 40]. Cytosolic
CMP-Neu5Ac is transported into the Golgi by SLC35A1 [129] where it serves as a substrate
for sialyltransferases that sialylate nascent glycans [130]. Cytosolic CMP-Neu5Ac also
strongly feedback-inhibits the first committed enzyme of sialic acid biosynthesis, UDP-
GIcNAC 2 epimerase, providing negative feedback regulation of de novo cytoplasmic
Neu5Ac synthesis [33, 34].

(B) Intralysosomal free NeuSAc salvage occurs through recycling of glycans (glycoproteins,
gangliosides) through endocytosis by the endo-lysosomal system, where lysosomal enzymes
degrade the glycans into their individual building block molecules, including individual
monosaccharides. Free NeuSAc is released from glycans by neuraminidase enzymes [84,
86]. Neu5Ac is then transported from the lysosomal lumen into the cytosol by SLC17A5 [1].
(C) The fate of salvaged free Neu5Ac in the cytoplasm is unclear. A portion may be excreted
from the cell, recycled in the Neu5Ac biosynthesis pathway for direct synthesis of CMP-
Neu5Ac, or degraded/catabolized by A-acetylneuraminate pyruvate lyase (NPL) [38] into
ManNAc and pyruvate. The ManNAc generated in the cytoplasm can either directly re-enter
the Neu5SAc biosynthesis pathway or can be converted to N-acetylglycosamine (GIcNAc) for
entry in the hexosamine pathway [38].

Several rare genetic disorders are associated with these pathways: (1) GNE myopathy
(MIM#605820; ~950 reported cases [131]); (2) N-acetylneuraminic acid phosphate synthase
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(NANS) deficiency (MIM#605202; ~9 cases [40]); and (3) deficiency of SLC35A1, CDGIIf
(MIM#603585; ~3 cases [129]) are characterized by decreased sialylation of glycans; (4)
Sialidosis (MIM#256550; >100 cases [132]) is characterized by lysosomal accumulation of
sialylated glycans. Three disorders are associated with increased urinary excretion of free
Neu5Ac: (5) Sialuria (MIM#269921; ~ 11 cases [33]); (6) FSASD (MIM#269920, #604369;
~200 cases [1]); and (7) NPL deficiency (2 cases [38]).
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Figure 3: Topology model of SLC17A5
Simplified model of SLC17A5 (not to scale). SLC17A5 consists of 495 amino acids, 12

transmembrane domains and a N-terminal dileucine sorting motif (DRTPLL). Three
frequent FSASD mutations are indicated (*). Transmembrane domain 4 (striped) lines a
large aqueous cavity that is part of the substrate permeation pathway [4, 5].
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Table 1:

Summary of Main Features of FSASD,J Sialuria,zand NPL-deficiency3

Urine Free NeuSAc Age at onset
(fold increase)

Disease Form

Main Clinical Findings Number of Cases

Mild FSASD

Salla disease ~10-fold 6-12 mo

Moderate global developmental delay
Mild cognitive dysfunction

Speech delay

Muscle hypotonia, cerebellar ataxia
Spasticity

Seizures or epilepsy

Mostly hypomyelination on brain MRI
Motor disability, able to walk

With or without coarse facial features
Near normal life span

~ 160

Intermediate FSASD

Intermediate severe SASD ~15-100-fold 1-6 mo

Moderate/severe global developmental delay
Growth delay or failure to thrive

Severe muscle hypotonia

Cerebellar ataxia, spasticity

Seizures, epilepsy

Hypomyelination on brain MRI

Mild coarse facial features

No or mild organomegaly

Nephrosis

Shortened life span

~25

Severe FSASD

1SSD >100-fold

intrauterine

Intrauterine hydrops, neonatal ascites
Failure to thrive

Severe global developmental delay
Coarse facial features

Dysmorphic features
Hepatosplenomegaly, cardiomegaly
Nephrosis

Early death (age < 2 years)

~15

Sialuria 100-1000-fold infancy

Coarse facial features
Organomegaly 11
Developmental delay

NPL deficiency 10-fold childhood

Progressive cardiac myopathy
Mild skeletal myopathy

Abbreviations: ISSD: infantile sialic acid storage disorder; FSASD: free sialic acid storage disorder; mo: months; NPL: N-acetylneuraminate

pyruvate lyase; SASD: sialic acid storage disorder
JBased on [9-11, 65, 126, 127]
2

Based on [33, 41, 42]

3Based on [38]

4Range of free Neu5SAc in normal controls: 7-194 nmol/mg creatinine [127]

Additional sporadic clinical features of FSASD include ascites, athetosis, cardiomegaly, corneal clouding, hoarse voice, hypopigmentation,
nephropathy, nystagmus, optic atrophy, ptosis, recurrent airway infections and short stature [11, 65]
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Table 2:

Fibroblast Sialic Acid Levels in Disorders of Free Sialic Acid Metabolisml

Page 28

Fibroblasts whole cell Fibroblasts
nmol/mg protein (mean + SD) % of free NeuSAc recovered from
Lysosomal : Microsomal Nuclear
N  Free NeuSAc Bound Neu5Ac fraction Soluble fraction fraction fraction
Controls 11 1.0+£0.6 146 £4.6 21% 54 % 7% 18 %
Salla
. 6 10.0+29 11.9+37
Disease 66 % 10% 54 % 55%
155DZ 5 139+ 92 14.1+ 10
Sialuria 3 143+ 35 89+11 4% 88 % 2% 6%

Abbreviations: ISSD: infantile sialic acid storage disorder; SD: standard deviation

Gray highlights: Abnormal high values compared to controls
lExtracted from [3, 27, 61]

2. . .
Disease nomenclature according to the references from which the data were extracted
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Table 3:

Estimated Carrier Rates and Prevalence of FSASDJ

General Population2

Finnish Population (p.ArgSQCys)3

Pathogenic SLC17A5 variants/total alleles (q)
Pathogenic SLC17A5 variant allele frequency
Carrier rate (heterozygotes)

Predicted FSASD Prevalence

FSASD affected per million

Estimated number of FSASD cases

494/282,862
1/572
1/286

1/327,865
~3

~ 23,000 worldwide”

149/25,114
1/168
1/84
1/28,409
~35

~190 in Finland

JCaIcuIated with Hardy-Weinberg principle of population genetics (See Supp Table S1)

2 A I
Based on pathogenic SLCI7A5 variants in GnomAD database

3Based on GnomAD data of p.Arg39Cys allele frequency on Finnish alleles

Page 29

Embryonic lethality of severe FSASD cases and childhood death of intermediate severe cases will reduce the number of living FSASD cases
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Table 4:

Pending Requirements for Collaborative Efforts toward FSASD Therapy

Requirements

Efforts

Disease Awareness

Publications, presentations at scientific meetings

Reach Pediatric Neurology community
Patient advocacy group promoting outreach]

. . . 2
Universal disease and mutation nomenclature

Recognition as lysosomal transport storage disorder

Epidemiologyz

Diagnosis

Highlight specific disease symptoms, such as brain hypomyelination
Promote urinary free sialic acid screening
Inclusion of SLCI7A5in lysosomal storage disease gene panels

Explore newborn screening

Prospective Natural History Study3 .

Recognize specific disease symptoms
Symptomatic treatment

Prognosis

Genetic counseling

Biomarker discovery

Clinical trial design and endpoints

Disease Models

Characterize, create and share cell models
Slc17a5knock-out mice
Slc17a5 knock-in mice

Explore other FSASD models (organisms, cell systems, organoids)

Therapeutic Research

Expand basic research: pathomechanism

Explore SLC17A5 chaperones/ligands for stability, transport activity4
Reduction of intra-lysosomal stored material

Specifically target p.Arg39Cys SLC17Ab5 variant

Drug screening panels; repurposing approaches

Cell-based therapies

TFEB-related therapies

Gene therapy or gene editing

Identify disease modifiers

Clinical Trials

Preclinical data package

Pharmaceutical industry collaborator

Identify experts in countries with founder mutations
Epidemiology

Patient registry
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Requirements Efforts

. Recruitment

JSaIIa Treatment and Research (STAR) Foundation, Bronx, New York, USA
This review and a Mutation Update publication (in preparation)

3 . . .
In addition to recent retrospective FSASD natural history reports [10, 11]

4As performed in a recent study [105]
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