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            Abstract
We identified biallelic mutations in NANS, the gene encoding the synthase for N-acetylneuraminic acid (NeuNAc; sialic acid), in nine individuals with infantile-onset severe developmental delay and skeletal dysplasia. Patient body fluids showed an elevation in N-acetyl-D-mannosamine levels, and patient-derived fibroblasts had reduced NANS activity and were unable to incorporate sialic acid precursors into sialylated glycoproteins. Knockdown of nansa in zebrafish embryos resulted in abnormal skeletal development, and exogenously added sialic acid partially rescued the skeletal phenotype. Thus, NANS-mediated synthesis of sialic acid is required for early brain development and skeletal growth. Normal sialylation of plasma proteins was observed in spite of NANS deficiency. Exploration of endogenous synthesis, nutritional absorption, and rescue pathways for sialic acid in different tissues and developmental phases is warranted to design therapeutic strategies to counteract NANS deficiency and to shed light on sialic acid metabolism and its implications for human nutrition.
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                    Figure 1: Morphological and skeletal features of NANS-deficient patients.[image: ]


Figure 2: Three-dimensional model of the NANS protein and mapping of amino acid residues affected by mutations.[image: ]


Figure 3: Evidence of impaired NANS activity ex vivo and in cell culture.[image: ]


Figure 4: Simplified scheme of N-acetylneuraminic acid metabolism in human.[image: ]


Figure 5: Abnormal skeletal development in zebrafish with morpholino-mediated knockdown of nansa is partially rescued by exogenous sialic acid.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Brain magnetic resonance imaging in patient 9 at age 3.6 years.
(a–d) Axial T2-weighted images show a marked degree of ventriculomegaly. Note the diencephalic–mesencephalic junction dysplasia, characterized by a lack of separation between the hypothalamus and midbrain (arrowheads in a). In the nucleobasal region, bilaterally, there are dilated perivascular spaces (arrowheads in b) and an abnormal morphology of the basal nuclei, with prominent thalami (labeled T in c) and maloriented putamen and caudate heads (labeled P and C, respectively, in c). Note also the bilateral abnormal orientation of the posterior arms of the sylvian fissure (empty arrows in d). (e) An axial T1-weighted image obtained with a volumetric technique shows thickening of the left perisylvian cortex, consistent with polymicrogyria. Cortical abnormality is less prominent controlaterally, despite the abnormal orientation of the sylvian fissure. (f) A left parasagittal T1-weighted image shows abnormal orientation of the sylvian fissure (arrows), which is continuous with the sulci of the convexity without a normal posterior delimitation; this pattern, which was also visible controlaterally (data not shown), is typical of perisylvian polymicrogyria. (g) A midsagittal T1-weighted image shows shortened, hypoplastic corpus callosum with a thin splenium (thin arrows) and lacking a proper rostrum (thick arrow); also note the absence of a well-defined anterior commissure (arrowhead).


Supplementary Figure 2 Capillary electrophoresis analysis of NANS cDNA retrotranscribed and amplified from RNA extracted from cell cultures.
(a) Schematic of the exon–intron structure of the NANS gene. Asterisks indicate mutations with a putative effect on exon splicing (see Table 1 for details): EXins: c.385_386insT, exonic single-nucleotide insertion producing a frameshift and creating a premature termination codon; SPLko: c.488+1G>T, a canonical splice donor site mutation; INTindel: c.449–10delGATTACinsATGG, an intronic indel 5′ of exon 4. (b) Pedigrees of patients 1, 3, and 4, and corresponding capillary electrophoresis traces of semiquantitative RT-PCRs spanning all analyzed NANS mutations. We assessed unprocessed PCR products obtained with the same primer pairs and allowing the simultaneous ampli-fication of the wild-type and the mutant mRNA (cDNA) forms, indicated on the right, within the same reaction. See the main text for discussion of the results.


Supplementary Figure 3 Expression of NANS in human brain as extracted from the Brainspan database.
In brain, NANS is expressed at significantly higher levels in the thalamus than in other brain regions (top) (http://developinghumanbrain.org/). Expression seems to be highest in the dorsal thalamus (bottom), which is an important relay station for the limbic circuit (The Human Nervous System 439–468 Academic Press, 1990) and participates in learning and memory processes (J. Neurosci. 34, 15340–15346, 2014), which might contribute to the developmental delay in patients with NANS deficiency.
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