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Gangliosides (glycosphingolipids containing one or more sialic acids) are highly expressed in neural tissues in

vertebrates, and four species (GM1a, GD1a, GD1b, GT1b) are predominant in mammalian brains. GM3 is the

precursor of each of these four species and is the major ganglioside in many nonneural tissues. GM3 synthase

(GM3S), encoded by ST3GAL5 gene in humans, is a sialyltransferase responsible for synthesis of GM3 from its

precursor, lactosylceramide. ST3GAL5 mutations cause an autosomal recessive form of severe infantile-onset

neurological disease characterized by progressive microcephaly, intellectual disability, dyskinetic movements,

blindness, deafness, intractable seizures, and pigment changes.
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1. Introduction

Gangliosides—glycosphingolipids (GSLs) that contain one or more sialic acids—are fundamental components of

cell membrane microdomains involved in dynamic regulation of various cell physiological processes . Ganglioside

biosynthesis is initiated by the addition of a glucose residue to ceramide to form glucosylceramide (GlcCer); this

process is catalyzed by GlcCer synthase (GlcCerS, encoded by UGCG gene) (Figure 1). Similarly, a galactose

residue can be added to ceramide to form galactosylceramide (GalCer), catalyzed by GalCer synthase (GalCerS,

encoded by UGT8). Synthesis of GlcCer occurs on the cytosolic surface of Golgi, whereas GalCer synthesis

occurs on the luminal surface of endoplasmic reticulum . Sulfation of GalCer by cerebroside sulfotransferase

(CST, encoded by GAL3ST1 gene) generates sulfatide SM4, a major lipid component of myelin sheath in both the

central nervous system (CNS) and peripheral nervous system (PNS). GlcCer is galactosylated by lactosylceramide

(LacCer) synthase (LacCerS, encoded by B4GALT5 or B4GALT6) to form LacCer, the precursor of a variety of

ganglioside species and other types of GSLs. GM3 synthase (GM3S, encoded by ST3GAL5 gene) is a

sialyltransferase that adds a sialic acid residue to LacCer to initiate synthesis of a- and b-series gangliosides. GD3

synthase (GD3S, encoded by ST8SIA1 gene) is another sialyltransferase that catalyzes formation of

disialoganglioside GD3. GM2 synthase (GM2S, encoded by B4GALNT1 gene) adds N-acetylgalactosamine

(GalNAc) to LacCer, GM3, or GD3 to generate (respectively) GA2, GM2, or GD2. Gangliosides are expressed in

essentially all vertebrate tissues and cells, most abundantly in the nervous system. GM1, GD1a, GD1b, and GT1b

in particular are the predominant ganglioside species in mammalian brain tissues .
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Figure 1. Biosynthetic pathway of gangliosides and sulfatide. GlcCerS catalyzes with the addition of glucose to

ceramide, and LacCerS subsequently adds galactose to GlcCer to form LacCer. GalCerS catalyzes with the

addition of galactose to ceramide to form GalCer, and CST subsequently adds a sulfate group to form sulfatide

SM4. Expression of globo-type GSLs is elevated substantially in fibroblasts of human GM3S-deficiency patients. In

contrast, in GM3S KO-mouse brains and fibroblasts, expression of globo-type GSLs is only slightly elevated, but

that of o-series gangliosides (GM1b, GD1α, GD1c) is elevated substantially.

2. Human GM3S Deficiency

GM3S deficiency was first reported as an autosomal recessive infantile-onset epilepsy syndrome associated with

developmental stagnation and blindness in Old Order Amish . Biallelic pathogenic ST3GAL5 variants led to

disrupted synthesis of a- and b-series gangliosides, and consequently to severe infantile-onset neurological

disorders characterized by progressive microcephaly, intellectual disability, choreoathetosis, blindness, deafness,

intractable seizures, and/or pigment changes . These patients appeared normal at birth, but all

had psychomotor developmental delays, and most displayed consistent features of movement disorders and/or

epilepsy. A “salt and pepper” syndrome sometimes seen in African American patients results from altered dermal

pigmentation (hyper- or hypopigmented skin maculae) at various locations . The human GM3S protein consists of

418 amino acids and includes sequences for L-(large), S- (small), and VS- (very small) sialyl motifs, which are

highly conserved in mammalian sialyltransferases . A nonsense variant, R288X, detected in numerous Amish

GM3S-deficiency patients, two French patients, and three Pakistani patients results in a truncated protein that

lacks S and VS. motifs, and was therefore predicted to be nonfunctional . Plasma GSL analysis of the Amish

patients revealed a total absence of GM3 and its downstream derivatives, whereas increased levels were observed

for LacCer (the direct substrate of GM3S), o-series gangliosides (e.g., GM1b), and globosides . Several

missense variants are located in L or S motifs: E355K (found in African American patients with salt and pepper
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syndrome), C195S and G201R (found as compound heterozygotes in Korean patients), and G342S (found in an

Italian patient). In vitro GM3S assay for LacCer using homogenate of HEK293T cells transfected with mutated

ST3GAL5 constructs revealed an absence of enzymatic activity in these variants . A recent study revealed four

more novel variants: missense variants G247D and H389R, nonsense variant R344X, and stop-loss variant

X419RextX38, which disrupts the stop codon and causes 37-codon extension of the reading frame . Plasma

GSL analysis of patients with these four variants showed significant reduction of GM3 levels; however, GM3 was

still present, as well as residual GM2—which was not observed in Amish patients with the R288X variant. The

pathogenic mechanisms of these variants will be clarified by in vitro GM3S assay and analysis of intracellular

localization and/or stability of ST3GAL5 protein. Two patients, homozygous for the above stop-loss variant, had the

highest plasma GM3 levels among the studied patients, and the least severe phenotype . Plasma GM3 levels

thus appear to be inversely related to severity of GM3S-deficiency disease.
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