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DEVELOPMENTAL NEUROSCIENCE

Neurodevelopmental defects in human cortical
organoids with N-acetylneuraminic acid synthase
mutation

Qian Bu'?, Yanping Dai', Huaqgin Zhang', Min Li', Haxiaoyu Liu', Yan Huang?, Ailing Zeng’,
Feng Qin', Linhong Jiang', Liang Wang', Yaxing Chen’, Hongchun Li’, Xiaojie Wang', Yue Zhao’,
Meng Qin’, Ying Zhao', Ni Zhang?, Weihong Kuang?, Yinglan Zhao", Xiaobo Cen'*

Biallelic genetic variants in N-acetylneuraminic acid synthase (NANS), a critical enzyme in endogenous sialic acid
biosynthesis, are clinically associated with neurodevelopmental disorders. However, the mechanism underlying
the neuropathological consequences has remained elusive. Here, we found that NANS mutation resulted in the
absence of both sialic acid and protein polysialylation in the cortical organoids and notably reduced the pro-
liferation and expansion of neural progenitors. NANS mutation dysregulated neural migration and differentia-
tion, disturbed synapse formation, and weakened neuronal activity. Single-cell RNA sequencing revealed that
NANS loss of function markedly altered transcriptional programs involved in neuronal differentiation and ribo-
somal biogenesis in various neuronal cell types. Similarly, Nans heterozygous mice exhibited impaired cortical
neurogenesis and neurobehavioral deficits. Collectively, our findings reveal a crucial role of NANS-mediated en-
dogenous sialic acid biosynthesis in regulating multiple features of human cortical development, thus linking
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NANS mutation with its clinically relevant neurodevelopmental disorders.

INTRODUCTION

Neuronal cell surface glycans control the activity of membrane pro-
teins; modulate cell adhesion, differentiation, and synaptogenesis;
and regulate interactions between cells and the extracellular
matrix (ECM), which is essential for various neural functions in-
cluding brain development, learning, and memory (1). In mamma-
lian cells, glycans are primarily terminated with sialic acids on
glycoproteins and glycolipids, named sialylation, a biologically im-
portant modification that is involved in neurodevelopment and
mental disorders. Defects in the glycan biosynthesis or modification
pathway lead to inherited metabolic disorders as well as congenital
disorders of glycosylation (CDGs) (2). Nearly 80% of individuals
with clinically heterogeneous CDGs are associated with neurologi-
cal impairments, ranging from intellectual developmental disorders
(IDDs) and epileptic seizures to cognitive disorders (2). It has been
known that sialyltransferase-ST3GAL3 and uridine diphosphate—
glucose 6-dehydrogenase mutations result in IDDs and infantile sei-
zures (3, 4), and a variant of glycosylation enzymes is implicated in
schizophrenia pathogenesis (5).

Sialic acid belongs to a family of nine-carbon sugar molecules
that often attaches to the glycoproteins and gangliosides of neuronal
membranes (6). Among all organs in the mammalian, the human
central nervous system contains the highest amount of sialic acid,
which plays a structural and functional role in brain development
(7). Several studies showed that maternal sialic acid supplementa-
tion enhances the offspring’s intelligence and cognition

'Mental Health Center and National Chengdu Center for Safety Evaluation of
Drugs, State Key Laboratory of Biotherapy, West China Hospital, Sichuan University,
Chengdu, Sichuan 610041, China. *Molecular Toxicology Laboratory of Sichuan
Provincial Education office, Institute of Systems Epidemiology, West China
School of Public Health and West China Fourth Hospital, Sichuan University,
Chengdu 610041, China. Mental Health Center of West China Hospital, Sichuan
University, Chengdu 610041, China.

*Corresponding author. Email: xbcen@scu.edu.cn

Bu et al., Sci. Adv. 9, eadf2772 (2023) 24 November 2023

performance in rodents and pigs (8, 9). In contrast, defects in
sialic acid transfer and transporter due to genetic deficiencies of
ST3GAL3, ST3GALS5, and SLC35A1 cause infantile epilepsy, atten-
tion deficit, or hyperactivity disorder as well as developmental
delays (10, 11). Sialic acid biosynthesis involves a four-step
pathway that is regulated by N-acetylmannosamine kinase (GNE),
N-acetylneuraminate synthase (NANS), N-acetylneuraminic acid
phosphatase, and N-acylneuraminate cytidylyltransferase (CMAS)
(12). Loss-of-function mutations in GNE cause a severe progressive
muscle-wasting disease but without nervous system abnormalities
(13). Mouse models with a deficiency in GNE or CMAS develop
early embryonic lethality, indicating a crucial role of sialic acid bio-
synthesis in embryonic development progresses (14, 15).

NANS (MIM 610442) encodes for an enzyme that converts N-
acetylmannosamine (ManNAc)-6-phosphate to ManNAc-9-phos-
phate, a critical step in endogenous sialic acid biosynthesis (16). A
recent study reported that NANS deficiency causes a recessively in-
herited disorder presenting clinically with severe IDDs, skeletal dys-
plasia, and dysmorphic features (17, 18), revealing a critical role of
sialic acid synthesis in brain development. Knockout of NANS gene
impairs cell surface glycan sialylation and sialic acid biosynthesis in
human haploid cells and Chinese hamster ovary cells (19). In con-
trast, the level of free sialic acid in the urine and the sialylation of
plasma proteins are not affected in NANS-deficient individuals (7,
18). Nans (NANS in humans) knockdown in zebrafish embryos
leads to aberrant skeletal phenotypes and is partially rescued by sup-
plementing exogenous sialic acid (18). In addition, several studies
suggested diverse putative functions of sialic acids in migration
and differentiation of neural precursors (20), neurite outgrowth
(21), and synaptogenesis (22). However, because of the difficulties
in accessing human brain tissue from NANS-mutant patients, the
role of endogenous sialic acid synthesis in human cortical develop-
ment has remained largely unclear.
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One approach to address this question would be to investigate
key features of neocortex development, using appropriate model
systems and focusing on the actions of key genes that govern cortical
sialic acid synthesis. Recent advances in human induced pluripotent
stem cell (iPSC)—derived cerebral organoids and CRISPR-Cas9—
mediated genome editing can be combined into a powerful tool
for investigating molecular mechanisms involved in neurodevelop-
mental and neurodegenerative disorders in in vitro systems (23).
Human cerebral organoids recapitulate the architectural and func-
tional features of the human brain, containing apical radial glia in
the ventricular zone (VZ), human-specific outer radial glia (0RGs)
in outer subventricular zone (0SVZ), and deep-layer and upper-
layer neurons in cortical plate (CP) (24). A number of research
groups have established cerebral organoids to clarify the pathogen-
esis of autism, Fragile X syndrome, Rett syndrome, Down syn-
drome, and schizophrenia (25).

Here, we applied NANS homozygous knockout (NANS-KO)
iPSC—derived cerebral organoids to investigate genotype-phenotype
associations in NANS mutations in human cortical development
(26). Nans heterozygous mice were also generated for in vivo neuro-
behavioral assessment. Our results revealed that NANS mutation
caused the absence of sialic acid and protein polysialylation in cor-
tical organoids, leading to reduced neural progenitor proliferation
and expansion rate, dysregulated neural migration, impaired
synapse formation, and neuronal hypoexcitability. These findings
reveal a crucial role of NANS-mediated endogenous biosynthesis
of sialic acid in regulating multiple features of human neocortical
development.

RESULTS

NANS mutation impairs endogenous sialic acid synthesis
and protein polysialylation

Patients with homozygous mutations in the NANS gene are associ-
ated with severe developmental delays and loss of gene function (17,
18, 27). To investigate the mode of action of NANS mutation in
human cortical development, we have generated a homozygous
NANS-KO iPSC line (NCCSEDi001-A-1, https://hpscreg.eu/cell-
line/NCCSEDi001-A-1) by inserting the LoxP-green fluorescent
protein (GFP)-P2A-Puro—LoxP into exon 1 of the NANS gene
(26). In this study, to eliminate GFP expression, we used Cre recom-
binase to treat the NANS-KO iPSC line and successfully removed
the inserted GFP-P2A-Puro cassettes from both alleles (fig. S1, A
and B). As anticipated, there was no detection of NANS and GFP
protein expression in the NANS-KO iPSC line (fig. S1, C to E). Fur-
thermore, the absence of NANS protein did not affect the iPSC
properties such as pluripotent-marker expression, cell growth,
self-renewal, and iPSC survival, which was consistent with our pre-
vious report (26).

We next generated three-dimensional cerebral organoids
(Fig. 1A), which were derived from the wild-type (WT) and
NANS-KO iPSCs, to investigate whether NANS mutation affected
human cortical development. NANS is an essential enzyme in de
novo sialic acid synthesis, and more than 85% of polysialic acid is
linked to neural cell adhesion molecule (NCAM) in the brain (28).
NCAM polysialylation, which regulates neural cell migration and
differentiation during development, plays a crucial role in neuro-
genesis and synaptic plasticity (29). Consequently, we first exam-
ined the expression of NANS protein, and polysialylated proteins
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in the cerebral organoid were characterized by immunoblotting.
The NANS protein was detected at various stages of differentiation
in WT cerebral organoids (Fig. 1, B and C). Immunoblotting with
the polysialylated-specific monoclonal antibody 735 revealed a
typical broad polysialylated protein signal in WT cerebral organo-
ids. The signals were constantly elevated in WT cerebral organoids
but completely abolished in NANS-KO cerebral organoids
(Fig. 1B). We observed a broad band with an apparent molecular
mass ranging from ~120 to 250 kDa, representing the polysialylated
form of NCAM in WT cerebral organoid. In contrast, only two dis-
tinct protein bands (NCAM isoforms, NCAM-140 and NCAM-
180) were detected in NANS-KO cerebral organoids (Fig. 1B), indi-
cating a remarkable reduction in NCAM polysialylation.

To determine whether NANS deficiency affected the intracellu-
lar concentrations of sialic acid in cerebral organoids, we first mea-
sured the concentrations of total and free sialic acid using the 1,2-
diamino-4,5-methylenedioxybenzene (DMB)-high-performance
liquid chromatography (HPLC) method (see Materials and
Methods). Both total sialic acid and free sialic acid were undetect-
able in NANS-KO cerebral organoids (Fig. 1D). As ManNAc is the
precursor for the biosynthesis of sialic acid, the urine level of
ManNAc was elevated in NANS-mutant patients (17, 18, 27). In
this study, the concentrations of ManNAc were found to increase
by approximately 12- to 266-fold from WT to NANS-KO cerebral
organoids at different time points (Fig. 1E).

NANS mutant impairs neural progenitor cell proliferation
and reduces cerebral organoid size

On day 15, WT organoids developed large neuroepithelial loops
that persisted from day 25 to day 35, and the overall organoid
sizes consistently increased over time (Fig. 2A). The NANS-KO ce-
rebral organoids presented an obviously smaller size and reduced
organoid areas as compared to WT organoids (Fig. 2, A and B).
To further examine the neuronal structures of NANS-KO cerebral
organoids, we assessed the architecture of neuroepithelial loops
through the loop diameter, length of the apical and basal mem-
branes, total loop area, loop tissue area and ventricle area in the
WT, and NANS-KO cerebral organoids on day 15 in vitro (DIV
15), 25, and 35, respectively (Fig. 2C and fig. S2). Compared to
the WT cerebral organoids, morphological parameters of NANS-
KO cerebral organoids were significantly reduced except for ventri-
cle area (Fig. 2D and fig. S2).

Coimmunostaining with the proliferation marker Ki67 and the
apoptotic marker terminal deoxynucleotidyl transferase—-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) was per-
formed to examine the effect of NANS mutation on the proliferation
and apoptosis of neural progenitor cells (NPCs) (Fig. 2E and fig.
$3). We found a significant reduction in Ki67" cells at DIV 15,
25, and 35. In contrast, the expression of TUNEL was slightly ele-
vated at DIV 15 and 25 but did not show substantial changes at DIV
35 (Fig. 2F and fig. S3).

To further verify the findings mentioned above, we used a single
guide RNA targeting exon 1 of NANS (fig. S4A) and identified a
clone with a 31-base pair (bp) deletion in the NANS coding se-
quence (named H1-NANS-KO; fig. S4B). As shown in fig. S4C,
NANS protein was absent in HI-NANS-KO human embryonic
stem cells (hESCs). We then generated cerebral organoids from
H1-WT and HI-NANS-KO hESC lines, followed by evaluation of
aberrant phenotypes in NANS-KO organoids. H1I-NANS-KO
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Fig. 1. Sialic acid deficit in NANS-KO cerebral organoids. (A) Scheme illustrating the derivation of cerebral organoids from iPSCs and the various assays used. Scale bar,
200 pm. (B) Representative and quantification of NANS, polysialic acid, and NCAM levels in WT and NANS-KO cerebral organoids through immunoblot analysis at the
different cerebral organoid developmental stages. n = 3 biological replicates (five to seven organoids per replicate) from three independent experiments. *P < 0.05, **P <
0.01, ***P < 0.001, two-way repeated-measure analysis of variance (ANOVA) followed by the Bonferroni's multiple comparisons test. (C) Confocal imaging of WT cerebral
organoids after staining with antibodies against NANS at DIV 15, 25, 35, and 63. Scale bar, 50 um. (D) Quantification of total sialic acid and free sialic acid in WT and NANS-
KO cerebral organoids at DIV 0, 15, 25, and 35, n = 3 biological replicates (one-well iPSCs or five to six organoids per replicate) from three independent experiments. ***P <
0.001, two-way repeated-measure ANOVA followed by the Bonferroni's multiple comparisons test. (E) Quantification of ManNAc in WT and NANS-KO cerebral organoids at
DIV 0, 15, 25, and 35, n = 3 biological replicates (one-well iPSCs or five to six organoids per replicate) from three independent experiments. ***P < 0.001, two-way re-
peated-measure ANOVA followed by the Bonferroni's multiple comparisons test. LC-MS/MS, liquid chromatography—tandem mass spectrometry; IF, immunofluorescence;
WB, Western blot; scRNA-seq, single-cell RNA sequencing; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DO, day 0; ns, not significant.

organoids displayed reduced size, featuring tiny neuroepithelial ~Transcriptomic analysis reveals an abnormal neuronal

loops and fewer proliferative NPCs (fig. S5). These results suggested ~migration in NANS-KO organoids

that the decreased proliferation and increased apoptosis of NPCs ~ We first performed time-lapse imaging of young migrating neurons

may be responsible for the smaller size of NANS-KO cerebral orga-  to investigate the role of NANS in neuronal migration (Fig. 3, A and

noids at the early stage of corticogenesis. B). WT and NANS-KO young neurons were imaged continuously
for 15 hours, and dynamic behavior parameters, such as migration
speed, resting time points, and tortuosity, were analyzed (Fig. 3C
and movies S1 and S2). Notably, compared to the WT young
neurons, NANS-KO young neurons displayed significantly faster
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Fig. 2. NANS regulates cortical neurogenesis in human cerebral organoids. (A) Bright-field microscopy images of WT and NANS-KO cerebral organoids at DIV 15, 25,
and 35. Scale bar, 500 um. (B) Quantification of cerebral organoid area. n = 21 to 27 organoids from three independent experiments. ***P < 0.001, two-way repeated-
measure ANOVA followed by Bonferroni’s multiple comparisons test. (C) A schematic overview of the different parameters of neuroepithelial loops in WT and NANS-KO
organoids. Scale bar, 50 um. (D) Quantification of the parameters in the neuroepithelial loops of WT and NANS-KO cerebral organoids at DIV 35. n = 17 to 18 neuro-
epithelial loops (four to five neuroepithelial loops per organoid) from two independent experiments, *P < 0.05, Student's t test. (E) Representative images of WT and
NANS-KO cerebral organoids at DIV 35 were stained with Ki67* and TUNEL". Scale bar, 50 um. (F) Quantification of the percentage of Ki67* and TUNEL" cells among the
total cells in the examined areas. n = 9 to 12 cortical structures (three to five cortical structures per organoid) from two independent experiments, ***P < 0.001, Student’s

t test.

migration, greater tortuosity, and fewer resting points (Fig. 3C and
movies S1 and S2), suggesting that NANS knockout abnormally ac-
celerated radial migration of human cortical neurons.

To further understand the molecular basis of these abnormalities
in neuronal migration, time-course RNA sequencing (RNA-seq)
and principal components analysis (PCA) were performed. The
PCA results demonstrated that the main source of variation was
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related to distinct developmental stages at DIV 0, 15, 25, and 35.
This observation is supported by the first principal component
(PC1), which explained 60.59% of the variance (Fig. 3D). The find-
ings demonstrate that the transcriptional profiles of both WT and
NANS-KO cerebral organoids were more similar at the same differ-
entiation time, indicating that they display similar biological prop-
erties during in vitro differentiation (Fig. 3D). At DIV 0, the cell
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Fig. 3. Dysregulated gene expression and defective neuronal migration in NANS-KO cerebral organoids. (A) Scheme depicting the experimental setup of neuronal
differentiation and time-lapse imaging between WT and NANS-KO neurons. Scale bar, 10 um. (B) Confocal imaging of WT and NANS-KO neurons after staining with
antibodies against NeuN. Scale bar, 25 um. (C) Quantification of different parameters of neuronal migration dynamics, tracked using live imaging. Resting TP, resting
time points; n = 31 to 53 neurons from two independent experiments, **P < 0.01, ***P < 0.001, Student's t test. (D) PCA of gene expression over time in WT and NANS-KO
cerebral organoids. (E) Heatmap showing distinct developmental stages. DIV 0, stem cell stage; DIV 15, NPC stage; DIV 25, neurogenesis; DIV 35, the early developmental
stage of neuronal maturation with concurrent gliogenesis. (F) Volcano plots of DEGs in WT and NANS-KO cerebral organoids at DIV 0, 15, 25, and 35. FC, fold change. (G)
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs in WT and NANS-KO cerebral organoids at DIV 35. (H) Heatmap showing
DEGs associated with ECM organization and cell adhesion at DIV 35. AGE-RAGE, advanced glycation end product (AGE) and their receptor (RAGE); PI3K-Akt, phosphoi-
nositide 3-kinase and Akt.
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population exhibited a marked expression of pluripotency markers.
Subsequently, at DIV 15 and 25, the cerebral organoids were found
to be enriched in early neuroectodermal cell and NPC markers and
then in neuronal and glia markers at DIV 35 (Fig. 3E). Compared to
the WT group, the NANS-KO group showed 251, 247, 230, and 318
up-regulated differentially expressed genes (DEGs) at DIV 0, 15, 25,
and 35, respectively; nevertheless, 336, 265, 344, and 119 DEGs were
down-regulated (Fig. 3F, figs. S6 to S9, and table S2). Our Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway analyses re-
vealed that the neuroactive ligand-receptor interaction pathway
was enriched in NANS-KO cerebral organoids at DIV 15, 25, and
35 (figs. S7 to S9). The neuroactive ligand-receptor interaction
pathway regulates neuronal impulse reception and transmission.
Dysregulation can cause abnormal neuronal responses and is
linked to autism spectrum disorder (30). Notably, Gene Ontology
(GO) and KEGG analysis of these DEGs revealed substantial en-
richment in ECM organization, cell adhesion, and ECM-receptor
interaction in NANS-KO cerebral organoids (Fig. 3G). Most of
the DEGs in ECM organization and cell adhesion were up-regulated
at DIV 35 (Fig. 3H and fig. S10). Then, the short time-series expres-
sion miner method (31) was used to identify gene clusters with dis-
tinct and representative expression patterns (table S3). In cluster 7,
the gene expression—enriched GO pathways mostly include ECM
organization and extracellular structure organization (fig. S11).
These findings indicate that the altered gene expression profile
may contribute to abnormal dynamic behaviors in neuronal migra-
tion in NANS-KO cerebral organoids.

NANS mutation disturbs neuronal differentiation and
ribosomal biogenesis pathways

WT and NANS-KO cerebral organoids displayed generally similar
cortical layering characteristics (fig. S12). To comprehensively char-
acterize the cell types presented in cerebral organoids and to gain
insight into the cell type—specific transcriptomic changes, single-
cell RNA-seq was performed to dissect the cellular composition
of cerebral organoids. After quality control and filtering, a total of
47,080 single cells were analyzed (Fig. 4A). There was a clear sepa-
ration between WT and NANS-KO populations in the Uniform
Manifold Approximation and Projection (UMAP) dimensionality
reduction plot (Fig. 4A). Comparisons of the specific gene expres-
sion were then manually annotated on the basis of the expression of
known cell type markers (Fig. 4A and table S1). In the WT organo-
ids, 64.25% of the identified single cells expressed neuronal lineage
markers, and 7.75% expressed glial cell markers. However, only
34.18% of cells expressed neuronal markers, and 27.89% expressed
glial cell markers in NANS-KO cerebral organoids (Fig. 4B). As GO
enrichment analysis revealed that the pathways associated with cy-
tosolic ribosome and protein translation were commonly up-regu-
lated in glia, neuron, and oRGs (fig. S13), the DEGs were computed
among all cell types with subsequent GO enrichment analysis to
identify the mechanistic pathways. The results from GO analysis in-
dicated that the down-regulated genes were enriched in forebrain
development, axonogenesis, and synaptic organization in NANS-
KO cerebral organoids (Fig. 4, C and D). In contrast, the up-regu-
lated genes were enriched in protein translation and ribosomal
function (Fig. 4, C and D). In NANS-KO organoids, marker
genes specific for cortical development were expressed at the
lower level (Fig. 4E and fig. S14), whereas the expression of ribo-
somal protein genes was abnormally enhanced in all cell types
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(Fig. 4E and fig. S14). Collectively, these findings revealed that
NANS-KO notably disturbed neuronal differentiation as well as ri-
bosomal biogenesis pathway in cerebral organoids.

Loss of NANS impairs cortical layer expansion in cerebral
organoids

The cortical structures of cerebral organoids display three distinct
regions (25). Our single-cell RNA-seq data showed decreases in
the percentage of both upper-layer neurons (from 34.74% in WT
to 13.8% in NANS-KO cerebral organoid) and deep-layer neurons
(from 20.76% in WT to 13.26% in NANS-KO cerebral organoid)
(Fig. 5A). To further examine the consequence of altered neuronal
differentiation in NANS-KO cerebral organoids, the defined
markers were used for labeling cells that resided in VZ, oSVZ,
and CP layers of cerebral organoids (Fig. 5, B and D). The VZ
was indicated by densely packed SOX2" NPCs on the apical side,
the oSVZ contained mixed populations of SOX2" NPCs and
TUJ1" immature neurons, and CTIP2 was used to differentiate
deep-layer cortical neurons that were mainly expressed in the CP
(Fig. 5, B and D). Consistent with the findings depicted in
Fig. 2D, the total VZ, oSVZ, and CP loop areas were significantly
decreased in NANS-KO cerebral organoids as compared to those
in WT cerebral organoids (Fig. 5C). Moreover, the ratio of TUJ1*
and the number of CTIP2" cells distributed in the VZ and oSVZ
areas were significantly elevated in NANS-KO organoids
(Fig. 5E). However, the ratio of SOX2" NPCs in the VZ, oSVZ,
and CP showed no substantial differences between NANS-KO
and WT organoids (Fig. 5E). Coimmunostaining analysis was per-
formed to determine whether NANS protein was distributed in dif-
ferent cortical structures of WT cerebral organoids. The results
showed that more NANS-positive cells were present in the VZ
and oSVZ layers than in the CP layer (fig. S15), suggesting that
the loss of NANS may disturb neuronal differentiation rather than
neuronal maturation.

NANS knockout disrupts synapse formation and synaptic
connectivity

As a reduction in the number of dendritic spines per neuron can
weaken synaptic activity and alter synaptic function (32), we then
investigated synapse formation and neuronal function in NANS-
KO cells. Through immunostaining presynaptic vesicle protein
SYNAPSIN 1 (SYN1) and postsynaptic protein PSD95, the
density of synaptic puncta was characterized to investigate the
effect of NANS loss on synapse formation (Fig. 6A and fig. S16A).
When compared to WT cerebral organoids, we observed a signifi-
cant reduction in the density of SYN1/PSD95" synaptic puncta at
both DIV 63 and 91 (Fig. 6B and fig. S16B).

Neurons are known to form electrical activity and can be seen in
the form of network bursts (33). To investigate whether NANS loss
of function caused alteration in the neuronal activity, spontaneous
electrical activity of iPSC-derived neurons was measured by multi-
electrode array (MEA). Compared to WT neuronal cells, NANS-
KO-derived cortical neurons displayed weakened neuronal excit-
ability, which was evidenced by declines in the mean firing rates,
the number of spikes, and bursts (fig. S16, C and D). To further
examine the impact of NANS deficiency on neuronal network orga-
nization, we seeded the slices of organoids directly onto the MEA
plate (Fig. 6C). Our results revealed that mature NANS-KO organo-
ids exhibited a significant reduction in both the number of bursts
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and network bursts as well as lower synchrony levels compared to
WT organoids at DIV 91 (Fig. 6, D to F). Collectively, our results
indicated that NANS deficiency resulted in dysregulated formation
and function of excitatory synapses in cerebral organoids.

Bu et al., Sci. Adv. 9, eadf2772 (2023) 24 November 2023

Nans knockout causes cortical neurogenesis impairment
and aberrant neurobehaviors in mice

To further characterize the effect of Nans mutations in vivo, we used
the CRISPR-Cas9 genome editing system to generate a Nans knock-
out mouse using guide RNAs (gRNAs) targeted to exons one and
six of Nans (fig. S17). However, no homozygous Nans mutants
(Nans™'~ mice) were identified from heterozygote crosses, and het-
erozygous offspring appeared normal and fertile. Compared to WT

8 of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A PSD95 : B
¢ : b
» 5
= -
. g
7 =
2
4
Q
[a)
&
g L
2 5
9 WT  NANS-KO
C D  Spikes Bursts E
wT NANS-KO
e mmmm
RN LT ““H m
S Network bursts ~ Synchrony index R I T
EEENEE L wot e e
| R (I |
g i g HUCECICRTIE [ iR s
g I | TR IRTTIRIYTY O L AT T R
= T |
I I‘ I I I [RE RN} (N} 1
16 (| — 1 L 1
IO | 0 50 100 0 50 100
XX¥
F 10,000 - 300- 04  —ny
g oo g oz
2 3 2004 2 :
& 60004 ;g i .
g a00] g S
Qo - £
g g 1004 é
= 2000 b4 A
0- 0

Fig. 6. NANS mutation impairs synapse formation and neuronal network activity in NANS-KO cerebral organoids. (A and B) NANS mutation decreases synapse
formation in NANS-KO organoids. Representative images (A) and quantification (B) of SYN1¥/PSD95™ puncta density in WT and NANS-KO cerebral organoids at DIV 91.n =
63 to 89 cortical layers (five to six cortical layers per organoid) from three independent experiments, ***P < 0.001, Student’s t test. Scale bar, 10 um. (C) Bright-field images
of 300-pm WT and NANS-KO cerebral organoid slice seeded on the MEA plate. Scale bar, 500 um. (D) Schematic representation of general activity parameters such as
spike, burst, network burst, and synchrony index. (E) Representative spike raster plots of WT and NANS-KO cerebral organoids at DIV 91. (F) MEA analysis reveals a re-
duction in spontaneous neuronal activity in NANS-KO compared with WT cerebral organoids. n = 11 to 12 MEA wells per genotype from one independent experiment, *P

< 0.05, ***P < 0.001, Student’s t test.

mice, the levels of Nans mRNA and protein were found to be sig-
nificantly reduced in the cortex of the heterozygous mutants
(Nans*'~ mice) (Fig. 7A). By labeling intermediate progenitor cell
(IPC) marker TBR2 and the early neuronal marker TUJ1, we exam-
ined IPCs and granular neurons on coronal cerebral sections ob-
tained from the embryonic day 14.5 brains along the rostral-
caudal axis (Fig. 7B). Notably, the TBR2-positive cells and TUJ1-
positive areas were significantly reduced in brain VZ/oSVZ
regions (Fig. 7C), suggesting cortical neurogenesis impairment in
the brain of Nans*'~ mice.

Next, a range of behavioral tests were conducted using the
Nans*'~ mice, and the WT mice were used as a control. We first
used an open-field test to evaluate the overall movement and
anxiety. The mice were placed inside a chamber, and their activity
was monitored for 10 min (Fig. 8A). No significant differences were
observed in the overall distances (Fig. 8B). However, Nans*'~ mice
spent less time in the center area, indicating elevated anxiety
(Fig. 8C). Then, WT and Nans*'~ mice were subjected to elevated

Bu et al., Sci. Adv. 9, eadf2772 (2023) 24 November 2023

plus mazes to test anxiety. The number of entries and the time spent
in open arms were decreased; in contrast, the time spent in closed
arms was significantly increased in Nans*'~ mice (Fig. 8, D to F),
suggesting anxiety-like behavior in Nans*'~ mice. The contextual
and cued fear conditioning tests were applied to determine
whether Nans mutation caused learning and memory deficits in
mice (Fig. 8G). The results show that Nans mutation impaired con-
textual fear conditioning, but cue fear conditioning was unaffected
(Fig. 8, H and I). Results from this series of animal experiments sug-
gested that heterozygous mutation of Nans can cause neurobehavio-
ral abnormalities in mice.

DISCUSSION

Because of the difficulties in accessing human brain tissue from
NANS-mutant patients, we generated sialic acid—deficient mice
and human iPSC—derived cerebral organoids by the genetic disrup-
tion of NANS to investigate the role of NANS-dependent
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endogenous sialic acid synthesis in the cerebral cortex. Combining
molecular, cell biological, and animal approaches, our results indi-
cated that NANS mutation resulted in the absence of endogenous
sialic acid and protein polysialylation. NANS mutation leads to a
global dysregulation in neuronal proliferation, migration, differen-
tiation, as well as synaptic formation and function in cerebral orga-
noids. Furthermore, NANS mutation alters ribosomal functions,
which may disturb protein translational processes. These findings
provide an insight into the mechanistic understanding of the dis-
rupted cellular and molecular processes in NANS knockout
human cortical organoids.

Previous studies showed that genetic inactivation of either one of
the key enzymes in the biosynthesis of sialoglycans, Gne or Cmas,
causes early embryonic lethality in mice (14, 15). Endothelial cells
are hyposialylated, and severe hemorrhages in the neuroepithelium
are observed in Gne™~ mice (34). Consistent with Gne or Cmas
knockout mice, the Nans ™~ mice were characterized by embryonic
lethality in this study, and we thus investigated the neurobehaviors
of Nans*'~ mice. We found that heterozygous Nans mutation
caused abnormal cortical neurogenesis and anxiety-like behavior
in the mice. To investigate the clinically relevant consequences of
NANS mutations, which often occur in biallelic variants (18), we
applied human stem cell-derived cerebral organoid models to
study structural and functional outcomes relevant to NANS
genetic variants.

A previous study reported a normal concentration of free sialic
acid in urine as well as normal sialylation of plasma proteins in
NANS-deficient patients (18). Whether free sialic acid and sialyla-
tion could be down-regulated in the brain with NANS variants is
unknown. We found that the sialic acids and polysialic acids were
completely absent from NANS-KO cerebral organoids. Nonethe-
less, our preliminary experiments revealed that exogenous sialic
acid treatment was ineffective in ameliorating the neurodevelop-
mental impairments induced by NANS mutation. This implies

Bu et al., Sci. Adv. 9, eadf2772 (2023) 24 November 2023

mice. DAPI stains nuclei. Scale bar, 25 um. (C) Quantification of the percentage of the TBR2" cells and the TUJ1* area. n = 17 to 19 mice for each genotype, *P <

that NANS is essential for endogenous sialic acid synthesis in
early brain development (35). In the mouse embryo, sialic acids
are detected in radial glia of the developing cortex (36), and the
mRNA levels of polysialyltransferases peak in the late embryonic
and early postnatal mouse brain (37). NANS is also highly expressed
in human brains (18). We provided evidence that the NANS protein
was highly expressed at different time points during cerebral orga-
noid development and was colocalized with NPCs in the VZ and
IPCs in the oSVZ. Furthermore, we also found a notable reduction
in cerebral organoid size during differentiation, which was linked to
a defect in VZ structures. These observations correlated with the re-
ductions in NPC proliferation after NANS deletion, suggesting that
the expansion of NPCs mainly contribute to human cortical neuro-
genesis (38). Collectively, cortical neurogenesis impairment in
NANS-KO organoids may be due to the absence of NANS expres-
sion in the VZ and oSVZ, leading to protein hyposialylation in the
brain area specific to the developing cortex.

Polysialic acids have been identified in the radial glia of the de-
veloping cortex (39), which regulates intercellular space and cell-
ECM interaction via their large volume and repulsive field (36).
We speculated that NANS loss of function may mechanistically
lead to neuronal migration defects. After NANS knockout, GO anal-
ysis of the RNA-seq data revealed substantial alterations in the reg-
ulatory pathways associated with ECM organization and cell
adhesion, including matrix metalloproteinase (MMP) family
members (e.g., MMP1, MMP2, MMP9, and MMP14), which were
remarkably up-regulated. It has been known that MMPs directly
cleave almost all components of the ECM and play a crucial role
in ECM remodeling (40). Dysfunctions of these genes are reported
in malformations of the developing cortex, such as lissencephaly
and periventricular heterotopia (41, 42). In our study, NANS-
KO-derived neurons and organoids showed notable changes in dif-
ferent neuronal motility parameters and the absence of both poly-
sialic acid and polysialylated-NCAM. The findings are consistent
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with a previous study that showed an altered migration of neural
precursors and a small cerebral cortex in sialyltransferase double-
mutant mice (20). However, NCAM-mutant mice show no cell mi-
gration defects in the cortex (32). Further studies are necessary to
identify the NANS-dependent sialylated proteins related to neuro-
nal migration in the developing cortex.

By single-cell RNA-seq analysis, our findings revealed a cell
type—specific impact of NANS knockout on the development of ce-
rebral organoids. First, the NANS mutations disrupted neuronal dif-
ferentiation through smaller portions of o0RGs and neurons. One
possible reason is that polysialic acid may bind to various neurolog-
ically active molecules, such as neurotrophins, growth factors, and
neurotransmitters (43), thus promoting axonal growth and den-
dritic morphological change (44). In addition, a small thickness
in the oSVZ and CP layers was observed in NANS mutant cerebral
organoids. The oRGs are thought to support the developmental and
evolutionary expansion of the human neocortex, and the cortex
neurons are generated from the radial glial progenitors to guide
the cortical columns and neuronal layer formation (45). Our
studies identified both structural and functional defects in radial
glial progenitors in NANS mutant cerebral organoids, linking en-
dogenous sialic acid synthesis and cortical development. Second,
NANS loss markedly affected the pathways associated with ribosom-
al protein genes, including the cotranslational protein targeting to
the membrane and protein localization to endoplasmic reticulum.
Furthermore, these alterations were observed in all the major cell
types, including neurons, glial cells, and oRGs. Ribosomes play crit-
ical roles in the protein synthesis for neurodevelopment, and muta-
tions in ribosomal components result in neurodevelopmental
disorders that are present in autism and IDDs (46). For instance,
the altered expression of ribosomal proteins is observed in several
neurodevelopmental disorders, including Rett and Down syndrome
(47, 48). Recent works revealed that ribosomal protein genes are up-
regulated in postmortem cortical tissue and iPSC-derived NPCs in
patients with autism (49, 50). These reports also support the notion
that abnormal ribosomal function is a potential risk factor for neu-
rodevelopmental disorders. Further investigation is required to elu-
cidate the molecular basis underlying these outcomes, including
protein-synthesizing ability and nonribosomal functions in
NANS-KO cerebral organoids.

Sialylation modification of proteins is necessary for the complex
neuronal architecture of the developing cortex, which is thought to
be responsible for higher cognitive function (17, 18). The observa-
tion of IDDs, neurologic dysfunction, and brain dysplasia in NANS-
deficient patients underlines the relationship between sialylation
and brain functions (17, 18). Previous literature showed that abnor-
mal formation of neuronal networks and synaptogenesis are associ-
ated with neurodevelopment disorders (51). For example, a notable
reduction in the amount of spontaneous neuronal activity is present
in individuals with autism, leading to a pronounced deficiency in
network connectivity (52). Perturbation of sialic acid levels influ-
ences a wide range of brain functions, which are involved in struc-
tural plasticity and neurogenesis (53). In this study, the delayed
synaptogenesis in NANS-KO cerebral organoids resulted in
reduced synaptic puncta and dysmaturity of the neuronal networks.
NANS-dependent endogenous sialic acid synthesis plays a role in
regulating neuronal differentiation, maturation, and function in
the early stages of cortical development.

Bu et al., Sci. Adv. 9, eadf2772 (2023) 24 November 2023

It was reported that genetic variants of the GNE, a gene encoding
a bifunctional enzyme critical for sialic acid biosynthesis, can cause
reductions in sialic acid supply and muscle-restricted phenotypes
but without neurodevelopmental disorders (54). Sialic acid trans-
porter SLC35A1 deficiency causes thrombocytopenia due to mega-
karyocyte maturation impairment in patients and mice (55). Here,
we found that the NANS mutant correlated with endogenous sialic
acid synthesis deficiency and neurological disorders during human
cerebral organoid development. Further studies using GNE KO and
SLC35A1 KO iPSC lines, as well as the generation of mutant iPSC
lines from patients with NANS-CDG or the creation of iPSC lines
carrying NANS point mutation using CRISPR-Cas9-mediated gene
editing, will allow for a more in-depth investigation of the de novo
biosynthetic pathways of sialic acids.

Collectively, the defects in the de novo biosynthetic pathways of
sialic acids and sialylated glycans are responsible for diverse devel-
opmental dysfunctions in human cerebral organoids. In particular,
our findings provide an insight into the molecular and neurobeha-
vioral phenotypes of the patient with endogenous sialic acid defi-
ciency or NANS genetic variation.

MATERIALS AND METHODS

Stem cell culture

The NANS-KO iPSC line was generated in our previous study (26)
and then treated with Cre recombinase to remove the GFP-P2A-
Puro cassette. The hESC line H1 was used to generate H1-NANS-
KO line, and the NANS gRNA was from our previous study (26).
The iPSC lines (WT and NANS-KO) and hESC lines (H1I-WT
and H1-NANS-KO) were both cultured in mTeSR1I medium
(STEMCELL Technologies) using the Matrigel (Corning)—coated
plates and incubated at 5% CO, at 37°C.

Generation of human cerebral organoids

Organoids were generated using a STEMdiff Cerebral Organoid Kit
(Stem Cell Technology) based on our previous protocol with mod-
ification (56). On day 0, iPSCs or hESCs at 90% confluence were
dissociated into single cells using TrypLE (Gibco). After centrifuga-
tion at 500¢ for 5 min, the iPSCs were resuspended in embryoid
body (EB) formation medium with 10 pM Rock inhibitor Y27632
(Stem Cell Technology) and diluted to 5 x 10* cells/ml. Then, 100 pul
of the cell suspension was distributed to each well of a low attach-
ment 96-well U-bottom plate (Corning) to develop single EBs, and
100 pl of medium was added to each well every 2 days. On day 5, the
EBs were transferred to ultralow attachment six-well plates
(Corning) and cultured in induction medium. On day 7, organoids
were harvested and embedded in the Matrigel and allowed to grow
in the expansion medium in ultralow attachment six-well plates. On
day 10, the medium was replaced with differentiation medium con-
taining neurobasal (Gibco), GlutaMax (Gibco, 1:100), nonessential
amino acids (Gibco, 1:100), B-27 serum substitute without vitamin
A (Gibco), fibroblast growth factor 2 (20 ng/ml, Stem Cell Technol-
ogy), and epidermal growth factor (20 ng/ml, Stem Cell Technolo-
gy). On day 13, the medium was replaced with maturation medium
containing neurobasal, GlutaMax (1:100), nonessential amino acids
(1:100), B-27 serum substitute with vitamin A (Gibco), brain-
derived neurotrophic factor (BDNF; 20 ng/ml, PeproTech), and
NT3 (20 ng/ml, PeproTech). From day 40 onward, BDNF and
NT3 were removed from the maturation medium. The plates were
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transferred to a shaker for continuous culturing from day 13, and
the medium was changed every 3 days.

Immunohistochemistry

Cerebral organoids were fixed in 4% formalin at room temperature
for 30 min and then placed in 30% sucrose in phosphate-buffered
saline (PBS) overnight. The organoids were embedded in optimal
cutting temperature (OCT) solution the next day, followed by dry
ice freezing, and then sectioning into 20-pm-thick slices for immu-
nostaining. The sections were washed with PBS to remove the excess
OCT and blocked in 10% normal goat serum of PBS containing
0.1% Triton X-100. The sections were incubated with primary an-
tibodies at 4°C overnight and then secondary antibodies for 1 hour
at room temperature. The nuclei were counterstained with a 300 nM
4’ 6-diamidino-2-phenylindole (DAPI) solution. The sections were
mounted on glass slides, and the images were taken using a Leica
SP8 confocal microscope. The following primary antibodies were
used for immunocytochemistry: SOX2 (rabbit, 1:300; Cell Signaling
Technology: 3579), CTIP2 (rat, 1:300; Abcam: AB18465), Ki67
(rabbit, 1:400; Abcam: AB 15580), TUJ1 (mouse, 1:200; Cell Signal-
ing Technology: 4466), NeuN (rabbit, 1:200; Invitrogen: PA5-
78499), SATB2 (mouse, 1:500; Abcam: AB51502), glial fibrillary
acidic protein (rabbit; 1:1000; Abcam: AB7260), NANS (rabbit,
1:100; Invitrogen: PA5-53960), TBR2 (rabbit,1:200; Abcam:
ab183991), PSD95 (mouse, 1:500; Invitrogen: MA1-045), and
SYNI1 (rabbit, 1:200; Cell Signaling Technology: 5297). The second-
ary antibodies were Alexa Fluor 488—, 555—, or 647—conjugated
donkey anti-rabbit, anti-rat, or anti-mouse immunoglobulin G (In-
vitrogen, all used at 1:1000 dilutions). The TUNEL assay was per-
formed using a Cell Death Kit (Roche: 12156792910). Images were
collected by confocal microscopy (Leica SP8).

Quantitative assessment of organoids

The overall size of the organoids was determined using a calibrated
4x bright-field microscope (Olympus). The organoid area in milli-
meter square was evaluated by using Image] software. Quantifica-
tion of the different parameters of neuroepithelial loops was
performed as previously described (57). In short, the loop diameter
and the apical and basal membrane length were calculated in
Image]. The loop tissue area was the difference between the total
loop area and the ventricle area (both assessed using Image] soft-
ware). The numbers of SYN1*/PSD95" cells were counted using
Image] software to determine the synaptic puncta density. Cell pro-
liferation and death were measured within neural tube structures by
quantifying the number of Ki67"- or TUNEL"-stained nuclei rela-
tive to the total number of nuclei stained by DAPI.

The assessment of cortical structure-like morphology was con-
ducted using methods similar to those previously described (58).
The VZ was characterized by distinct SOX2 immunoreactivity
and a cortical structure-like morphology. The oSVZ was identified
as the region containing a mixture of SOX2" and CTIP2" nuclei,
along with TUJ1" area outside the VZ. The CP was defined as the
region extending from the boundary of the oSVZ to the outer
surface, containing exclusively CTIP2" nuclei. Once the boundaries
of each layer were determined, the area of each layer was assessed
using Image]J software. CTIP2 and SOX2 were manually quantified
in the cortical structures by counting the CTIP2"*- and SOX2"-
stained nuclei relative to the total number of cells stained by DAPI.
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Western blot analysis

Human iPSCs, cerebral organoids, and prefrontal cortex of mice
were lysed on ice inside in radioimmunoprecipitation assay buffer
supplemented with protease inhibitor cocktail (50 pl/ml; Solarbio)
for 30 min. The suspension was centrifuged at 12,000g for 30 min at
4°C, and the supernatant was collected. The proteins were quanti-
tied with a bicinchoninic acid (BCA) kit (Beyotime), separated by
SDS—polyacrylamide gel electrophoresis (10%), and transferred to
a polyvinylidene fluoride membrane (Invitrogen). Immunoblotting
analysis was performed using the following antibodies: glyceralde-
hyde-3-phosphate dehydrogenase (rabbit; 1:1000; Cell Signaling
Technology: 2118), NANS (rabbit, 1:1000; Invitrogen: PA5-
53960), polysialic acid (rabbit; 1:1000; LifeSpan BioScience Inc.:
LS-C777456), and NCAM (mouse, 1:200; Santa Cruz Biotechnol-
ogy: sc-7326).

Transcriptomic analysis by RNA-seq

The iPSCs and cerebral organoids from WT and NANS-KO groups
were collected at DIV 0 (iPSCs), 15, 25, and 35. In the sample prep-
aration process, each sample was composed of either one well of
iPSCs or a pool of five to eight organoids derived from a single in-
dependent experiment. Three samples were obtained from three
separate independent differentiation experiments. Total RNA was
isolated using the miRNeasy Mini Kit (QIAGEN, 160040742).
The quantity and quality of RNA samples were determined using
NanoDrop 2000c¢ (Thermo Fisher Scientific). Total mRNA was pre-
pared with a sample preparation kit from Illumina, followed by
cDNA synthesis using a double-stranded cDNA synthesis kit (Invi-
trogen). Sheared cDNA with lengths of 200 to 300 bp was inserted
into a library, quantified using TBS380, and then sequenced with
the Illumina HiSeq 4000 (2 x 150 bp read length). The raw
paired-end reads were trimmed, using SeqPrep and Sickle using
the default parameters. Reads were mapped to GRCh38.p10 using
TopHat (version 2.0.0).

The differential expression analysis was performed using the
DEseq2 method with Benjamini-Hochberg correction; genes were
considered significantly differentially expressed if adjusted P value
< 0.05 and |log, fold change| > 1 between WT and NANS-KO
samples. The expression level of each transcript was determined
on the basis of the transcripts per million reads method. Scatter, hi-
erarchical clustering heatmap, GO enrichment, and the KEGG en-
richment analyses were performed on the Majorbio platform
(http://majorbio.com).

Measurement of sialic acid concentration by DMB-HPLC
analysis

The cerebral organoids were homogenized in 10 mM tris-HCI (pH
8.0) solution for total sialic acid extraction, and 2 M HCI (final con-
centration, 0.1 M HCI) was added to the homogenate. Then, it was
heated at 80°C for 3 hours to release sialic acid and cooled on ice to
terminate the reaction. Cerebral organoids were homogenized in a
10 mM tris-HCI (pH 8.0) solution for free sialic acid extraction.
Subsequently, the samples were freeze-thawed with liquid nitrogen
three times and clarified by centrifugation. Sialic acid was fluores-
cently labeled with DMB using a labeling kit (Takara) according to
the manufacturer’s protocol. A Shimadzu LC-30 AD HPLC system
equipped with a Shimadzu fluorescence detector (set at wavelengths
of 373-nm excitation and 448-nm wavelengths) was operated at 0.3
ml/min at a column temperature of 30°C. The column was a Waters
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Acquity UPLC BEH C8 (1.7 pm, 2.1 mm by 50 mm) column. An
isocratic elution method was adopted using solvent A (water) and
solvent B [acetonitrile/methanol = 9/7 (v/v)] at a 92:8 (v/v) ratio.

Measurement of ManNAc concentration by LC tandem
mass spectrometry analysis

Intracellular concentrations of ManNAc in the cerebral organoids at
different time points were detected by using a triple-quadrupole
liquid-chromatography tandem mass spectrometry system
(LCMS-8060NX, Shimadzu, Japan) coupled with an LC-40D XS
system, as previously reported (59). The column was an
ACQUITY UPLC BEH Amide column (2.1 mm by 50 mm, 1.7
um). The mobile phase comprised ultrapure water with 0.5%
acetic acid (mobile A) and 0.5% acetonitrile (mobile B). Gradient
elution was used at a flow rate of 0.40 ml/min, and the temperature
is 40°C. The retention time of ManNAc was 1.5 min, and the ana-
lytical process lasted 3 min in total.

Cerebral organoid dissociation and preparation for single-
cell RNA-seq

In this study, five to seven cerebral organoids for each group were
randomly collected at DIV 63 and subsequently dissociated into a
single-cell suspension. The cerebral organoids were kept in the
CelLive Tissue Preservation Solution (Singleron) on ice for 30
min. The samples were washed with Hanks' balanced salt solution
three times and then digested with 2 ml of CelLive Tissue Dissoci-
ation Solution (Singleron). The reaction was conducted using the
Singleron PythoN Automated Tissue Dissociation System (Single-
ron) at 37°C for 15 min. The solution was then centrifuged at 500g
for 5 min and gently resuspended in PBS. Last, the samples were
stained with trypan blue (Sigma-Aldrich), and the cellular viability
was evaluated microscopically.

Library preparation and single-cell RNA-seq

Single-cell suspensions (1 x 10° cells/ml) in PBS (HyClone) were
loaded onto the microfluidic devices through the Singleron
Matrix Single Cell Processing System (Singleron). Subsequently,
the single-cell RNA-seq libraries were constructed using the GEX-
SCOPE Single Cell RNA Library Kits (Singleron). Individual librar-
ies were diluted to 4 nM and pooled for sequencing. Last, the pools
were sequenced using Illumina HiSeq X with 150-bp paired-
end reads.

Single-cell RNA-seq quantifications and statistical analysis

The raw reads were processed with fastQC and fastp to remove low-
quality reads. The cell barcode and unique molecular identifiers
(UMIs) were extracted after filtering the read one without poly-T
tails. Poly-A tails and adaptor were trimmed (fastp V1) before align-
ing the second read to GRCh38 using the ensemble version 92 gene
annotation (fastp 2.5.3a and featureCounts 1.6.2) (60). Reads with
the same cell barcode, UMI, and gene were grouped to determine
the number of UMIs of genes within each cell. The UMI count
tables for each cellular barcode underwent further analysis. The
cell type identity of each cluster was performed using the Seurat
program (table S1). Seurat program (http://satijalab.org/seurat/, R
package, v.3.0.1) was used to analyze RNA-seq data. The UMI
count tables were loaded into R with the read.table function. The
parameter resolution was set to 0.6 in the FindClusters function
for clustering analysis. Genes expressed in more than 10% of the
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cells in a cluster and with average log (fold change) of greater
than 0.25 were selected as DEGs by Seurat v3.1.2 FindMarkers
based on Wilcox likelihood-ratio test with default parameters. Heat-
maps/dot plots/violin plots displaying the expression of markers
used to identify each cell type were generated by Seurat v3.1.2 Do-
Heatmap/DotPlot/VInplot. GO function enrichment analysis was
carried out on the gene set using the “clusterProfiler” R package
3.16.1 for the biological functions or pathways significantly associ-
ated with the DEGs.

Generation of NPCs and neurons

Neural progenitors were generated with a STEMdiff SMADi Neural
Induction Kit (Stem Cell Technology) based on the monolayer
culture protocol. On day 0, human iPSCs at 1 x 10° cells/ml concen-
tration were seeded onto the Matrigel-coated six-well plates and cul-
tured in a neural induction medium (STEMdiff Neural Induction
Medium supplemented with 10 uM Rock inhibitor Y27632). The
cells were passaged three times as single cells through ACCUTASE
(Stem Cell Technology), and the medium was changed daily. After
the third passage, NPCs were cultured in neural induction medium
for 1 day. Then, the medium was replaced with neuron differentia-
tion medium (STEMdiff Forebrain Neuron Differentiation
Medium). After 3 days of differentiation, the cells were harvested
and cultured in neuron maturation medium (STEMdiff Forebrain
Neuron Maturation Medium). The medium was changed every
2 days.

Neuronal migration assays

Images of the neurons were taken for 3 hours using a Leica SP8 con-
focal microscope at 37°C and 5% CO,. The cells were imaged every 3
min at six chosen positions. Single-cell movement data were derived
from time-lapse movies using the Manual Tracking plugin of
Image]. After the time-lapse imaging, the neuronal identity of the
tracked cells was confirmed using NeuN antibody.

MEA recordings

The cortical neurons and cerebral organoids derived from WT and
NANS-KO groups were seeded into 24-well MEA plates (Axion Bi-
osystems) coated with poly-L-ornithine (Sigma-Aldrich) and Matri-
gel (BD Biosciences) (55). For cortical neurons experiment, each
well containing 16 low-impedance platinum-integrated microelec-
trodes was seeded with 5000 NPCs, and neuronal differentiation
was induced as described above. For cerebral organoid experiment,
one slice (thickness, 300 um) of each cerebral organoid was placed
into an MEA well at DIV 77 and cultured in BrainPhys medium
(Stem Cell Technology) for 14 days until the time of measurement.
Spontaneous electrical activity was recorded and analyzed using the
Maestro Edge MEA platform and Axion's Integrated Studio (AXIS)
software (Axion Biosystems) with a band-pass filter of 10 Hzand 2.5
kHz cutoff frequencies. Spike detection was computed with an
adaptive threshold of six times the SD of the estimated noise for
each electrode. Bursts were identified using an interspike interval
threshold of five spikes with a maximum interspike interval of
100 ms. Network bursts were defined as bursts of more than 10
spikes that occurred in more than 35% of the active electrodes in
the well, with a maximum interspike interval of 100 ms. The syn-
chrony index was estimated by the area under the normalized cross-
correlogram for a time window of 20 ms and represented a measure
of similarity between two spike trains.
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Nans knockout mouse generation

Two gRNAs (CGGCGGGTGCGGAAACGCCCGGG and
GACTGGCTGCTAAGAACCGTAGG) were designed for targeting
exons one and six of mouse Nans (fig. S17). The designed gRNA
and Cas9 mRNA were injected into C57BL/6N zygotes. Fifteen
pups were obtained from the zygote injection and were genotyped;
the Sanger sequencing showed three (one male and two females)
mice that were identified with large deletion-carrying mutations
in Nans. The Nans*'~ mice are maintained on C57BL/6N back-
ground. The sequence mapped uniquely to the targeting site
through BLAST, reducing the likelihood of off-target mutations.
The Nans-F (GTAAGGCTCCGATTGGCTGT) and Nans-R
(GCCAACTGTACCGTGGGTTA) were used for Nans genotyping
in mice. All animal experiments were approved by the Sichuan Uni-
versity Animal Care and Use Committee and conducted following
the Experimental Animal Ethics Committee of Sichuan University.

Real-time quantitative polymerase chain reaction

Total RNA from cortex of Nans*'~ mice and their control litter-
mates was extracted using the miRNeasy Mini Kit (QTAGEN) and
then processed according to the manufacturer’s instructions. RNA
was used to synthesize cDNA [HiScript III All-in-one RT SuperMix
perfect for quantitative polymerase chain reaction (qPCR),
Vazyme], and real-time qPCR was performed using HiScript Q
RT SuperMix for qPCR (Vazyme). The primers used were as
follows: mNans-F (AATTCAGCCACGACCAGTACAA) and
mNans-R (TTCTTGGCTGTCTTTTCCAGGT). Relative expres-
sion levels for Nans were normalized to Gapdh, and data are repre-
sented as fold change relative to control levels.

Mouse behavioral testing

Eight- to 12-week-old age- and sex-matched littermate mice were
used for behavioral tests. To minimize variations stemming from
age, sex, and genetic background, sex-matched pairs of WT and
Nans™'~ siblings were derived from the same litters.

In the open-field test, each mouse was placed in a 45 cm by 45 cm
by 40 cm open-field box and left undisturbed for 10 min after an
acclimatization period of 2 hours in the behavioral testing room
(Fig. 8A). In the fear conditioning experiment, mice were allowed
to explore freely for 6 min on day 1. On the training day, after 2 min
in the conditioning chamber, mice received three pairings of a tone
(3 kHz, 90 dB, 20 s) with a coterminating foot shock (0.7 mA, 2 s) at
120, 180, and 240 s, respectively. They then remained in the
chamber for an additional minute before being returned to their
home cages. Contextual memory was assessed in the original train-
ing chamber 24 hours following the training phase, while cued
memory was evaluated in the different context 48 hours following
the training phase. Levels of freezing (no movement for 0.75 s) were
automatically measured by the ANY-Maze video tracking system
(Stoelting) (Fig. 8G). In the elevated plus maze, the mice were
placed in the center of the maze, facing one of the enclosed arms,
and being undisturbed for 5 min.

Quantification and statistical analysis

All biological experiments were performed with multiple indepen-
dent batches, which were considered independent experiments. The
exact sample sizes and independent experiments are indicated in the
figure legends. Statistical analyses were performed using GraphPad
Prism (version 8) and Stata/IC (version 15.0). The data are
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represented as the mean + SEM. Statistical comparisons between
WT and NANS-KO were performed using the unpaired Student’s
ttest. In case of three and more groups, one-way or two-way analysis
of variance (ANOVA) with appropriate post hoc testing was per-
formed. Statistical test details can be found in the respective
figure legends. The statistical significance was determined by *P <
0.05, **P < 0.01, and ***P < 0.001.

Supplementary Materials
This PDF file includes:

Figs. S1to S17

Legends for tables S1 to S3

Legends for movies S1 and S2

Other Supplementary Material for this
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Tables S1 to S3

Movies S1 and S2
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