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Spina bifida (SB) is the most common congenital defect of the central nervous system. Despite family history being a risk

factor for SB development, recurrence patterns are not attributed to a single genetic locus. Instead, SB is a complex trait

caused by a combination of variants at multiple loci and involving multiple genes.
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1. Neural Tube Defects in Animal Models

Over 240 mutants and strains have been identified for NTDs in mice . Of the mice NTDs, some cellular processes have

been identified, including planer cell polarity (PCP) pathway, cell apoptosis, DNA transcription, and the canonical

Wnt/beta-catenin pathway.

Apical-basal polarization of cells is critical for the morphogenesis and function of mature

tissues. VANGL1 and VANGL2 are mammalian homologs of a Drosophila gene required for PCP to develop eye, wing,

and leg tissues . The genes VANGL1 and VANGl2 are expressed at the dorsal portions of the neural tube and are

essential for vertebrate morphogenesis . Song et al. demonstrated that PCP is crucial in linking the anterior–posterior

patterning information to the left–right asymmetry of the notochord prior to leftward nodal flow across the posterior

notochord . Therefore, notochord cells lacking the expression of VANGL1 and VANG2 have random cilia distribution,

leading to turbulent nodal flow and disrupted symmetry . Torban et al. also demonstrated that only mice heterozygous

for VANGL1 and VANGL2 mutations showed profound developmental defects, including severe craniorachischisis .

The establishment of PCP involves the Wnt/Frizzled-PCP pathway. In the drosophila model, the proteins include cadherin

Flamingo, transmembrane protein Frizzled (Fz), and cytoplasmic proteins Dishevelled (Dsh), Diego (Dgo), and Prickle

(Pk). Mutations in these proteins lead to loss of polarity and cytoskeletal rearrangement . Furthermore, the mouse

homologs of Flamingo (CELSR), Dishevelled (DVL), Frizzled (FZD), and Prickle (Pk) have all been shown to contribute to

the etiology of NTDs . Non-core PCP tissue specific effectors also play an important role in the development of NTDs.

The Fuzzy planar cell polarity (FUZ) gene, a tissue-specific effector, is involved in directional cell movement and is

essential for neural tube formation in mice and humans . A study demonstrated that Fuzzy knockout mice exhibited

NTDs and proposed that mutations in the FUZ gene may account for human NTDs. The mechanisms of PCP mutations in

NTDs mentioned above are further studied by Humphries et al.; the group introduced the mammalian mutation into

Drosophila and revealed different defective phenotypic and functional behaviors, suggesting a causative relationship

between PCP and the NTDs .

Other mutations leading to SB in mice involve DNA transcription and apoptosis. Specifically, the Foxc2 (MFH-1)

transcription factor is suggested to mediate the extensive skeletogenesis in cells derived from neural crest and the

mesoderm . The Traf4 gene is involved in apoptosis. Mutations in this gene lead to the inability of nucleosome

assembly proteins to bind to condensing chromatin in apoptosis and dysregulation of neuronal cell proliferation .

Lastly, genetic mutations in the canonical Wnt/beta-catenin pathway have been studied in the SB mouse model and

shown to be implicated in human SB. Regulators for bone formation during skeletal growth and remodeling include the

lipoprotein-receptor-related protein 6 (LRP6) in the canonical Wnt/beta-catenin pathway. It is implicated in the growth of

axial skeleton and neural tube structures . Lei et al. have found that several single nucleotide variants in LRP6

predispose embryos to NTDs . The mediator complex (MED) is also known to have significant regulatory effects on

WNT signaling and is associated with neural tube closures . Recent studies using CRISPR/Cas9 technology to

generate knock-in mice models provided strong evidence between functional variants of MED genes and some NTD

etiologies . The canonical Wnt signaling is also implicated in the regulation of PAX3 expression and as a target of

PAX3. Mutation of the PAX3 transcription factor leads to defects in neural tube closure and is preventable by folic acid .
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Recent studies show beta catenin gain of function and PAX3 loss of function produces additive effects on NTDs due to

their interactions .

2. Human Genetics

Depending on the affected gene, SB inheritance patterns vary in humans. Studies have indicated autosomal dominant

inheritance of SB and other NTDs at multiple loci, including the VANGL1 gene, VANGL2 gene, FUZ gene,

the CELSR1 gene, and the TBXT gene . Despite the identification of the single genes, it is important to note

that more and more recent evidence points toward an omnigenic model of spina bifida, suggesting that human spina bifida

is caused by a series of genetic variants and their interaction with environmental factors .

Various heterozygous missense mutations of the VANGL1 gene have been identified and associated with various NTDs in

humans . In a review by Marello et al., a strong association between the rare variants of VANGL1 and the NTDs was

suggested. In addition, Lei et al. and Kibar et al. sequenced the VANGL2 gene in populations with various forms of NTDs

and suggested that the mutations in VANGL2 gene may predispose human fetuses to NTDs . Other studies

proposed indirect mutations affecting VANGL2 function associated with NTDs. The heterozygous frameshift mutation of

the CELSR1 gene is found to be associated with SB in a study of 192 patients in California . Its mechanism is based on

the interaction between the CELSR1 protein and the VANGL2 gene, since the mutation results in less recruitment of

VANGL2 for cell-to-cell contact. Other heterozygous missense mutations in the FUZ gene have been identified and linked

to NTDs in the Italian population; the research team found five missense mutations in the FUZ gene that interfere with cilia

generation, cell directional movement, or both .

Other mutant genes that are risk factors for spina bifida include the CCL2 gene. The CCL2 gene controls the monocyte

chemotactic protein-1 (MCP) export levels after treatment with interleukin-1-beta in vitro . Research studies have

shown that first-trimester hyperthermia is associated with a twofold increase in spina bifida . Thus, inflammation and

elevated body temperature, especially signaling by molecules such as chemokines, may be involved in the causation of

spina bifida. Jensen et al. found that polymorphism of the CCL2 A(-2518)G promoter is associated with spina bifida and it

is speculated that this is due to the alleles’ less intense systemic and local response to infection .

Furthermore, a TBXT mutant gene, specifically the transmission allelic variant TIVS7-2 , has also been linked to

meningomyelocele. TBXT is encoded by the T gene and is vital for the formation and differentiation of posterior mesoderm

and axial development in vertebrates. Although further studies showed that the mutant TIVS7-2 is associated with an

increased risk of SB, the pathogenic mechanism remains unclear .

Since folate supplementation has been shown to prevent up to 70% of NTDs in humans, the gene mutations of enzymes

involved in homocysteine-folate metabolism have also been studied extensively in humans . These metabolic

enzymes include methylenetetrahydrofolate reductase (MTHFR), methionine synthase (MS), cobalamin coenzyme

synthesis, and cystathionine b-synthase (CBS). The SNP R653Q polymorphism in the MTHFR1 gene has been observed

in NTDs in Irish and Italian populations . Other studies have shown that MTHFR 1298 A-C combined with MTHFR

677 C-T alternation increases the risk of spina bifida . Similar effects have been observed in the polymorphism of the

MS and 5-Methyltetrahydrofolate-Homocysteine Methyltransferase Reductase (MTRR). Doolin et al. concluded that

variants in MS 2756A-G polymorphism and MTRR 66A-G polymorphism increase the risk of spina bifida by maternal

genotype . Genetic–nutrient interaction has also been considered. Christensen et al. found that MTHFR polymorphism

and low folate status combined is associated with a greater risk for NTDs than either variable alone . It was also shown

that the 66A-G polymorphism in the MTRR gene combined with low levels of serum B12 in mothers and children

increases the risk of spina bifida .

Next-generation whole-exome sequencing (NGS) allowed the identification of variants in new candidate genes that were

previously not implicated in SB in humans. Through NGS, loss-of-function de novo variants of SHROOM3, PAX3, GRHL3,

and MYO1E genes are linked to the development of NTDs; their proposed mechanisms include generation of protein-

truncating variant and transcription factor defects . Recently, rare and novel de novo variants in RXRγ, DTX1,

and COL15A1 genes and X-linked recessive variants ARHGAP36, TKTL1, AMOT, GPR50, and NKRF were also found to

contribute to NTDs . Furthermore, with exome sequencing, more evidence links the genes of the PCP pathway to the

development of SB and craniorachischisis. The identified genes

include CELSR1, PRICKLE1, FZD6, SCRIB, PTK7, VANGL1, and novel genes FREM2 and DISP2 . Due to

the genetic complexities and omnigenic nature of NTDs, clinically significant genetic targets will vary from individual to
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individual. Therefore, genome sequencing is a crucial step towards improved understanding of the genetic implications in

NTDs and precision medicine for SB.
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