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Material and Methods
Human subjects
Three NTD cohorts (Supplementary information, Table S1), including 100
Chinese Han, 74 Caucasian in Texas USA, and 69 Middle Eastern (ME) samples were
used. The studies described herein were conducted in accordance with the Declaration
of Helsinki ethical principles for human research. Protocols followed were reviewed
and approved by the local ethics committees prior of the study. Written informed
consent from the parents or guardians of the children was obtained for all subjects.
Muscle samples of aborted fetuses from 100 Chinese Han NTDs (primarily
anencephaly, mean age 20.7 + 4.7 gestation weeks, 60% female) were collected
between 2004 and 2013 in Shanxi province, China.

Saliva samples were collected using a DNA collection kit (ORAcollect for
Pediatrics (OC-175), DNAgenoTek) from 74 US Caucasian NTDs (non-syndromic
myelomeningocele, mean age 7.5 + 5.4 years, 51.4% female), which were collected
between 2008 and 2013 from Texas, USA. Patients enrolled at the Dell Children’s
Medical Center of Central Texas (DCMCCT). Genomic DNA of each test subject was
isolated using the Gentra Puregene Kit (Qiagen) and was quantified using a

NanoDrop2000 (Thermo Scientific).



Blood samples from 69 ME NTDs (non-syndromic myelomeningocele, mean 7.23
years, 59& female) and 108 ME controls were collected and DNA was extracted
using Qiagen chemistry (QIAmp, Qiagen #51194). Genomic DNA was quantified
using a NanoDrop2000 and DNA quality was assessed on a Bioanalyzer 2100
(Agilent).

WGS data of 2054 healthy individuals from the 1KGP' was also used, which
includes 208 Chinese Han population (CHS + CHB) and 99 CEU (Utah residents with

ancestry from northern and western Europe) in USA.

Illumina sequencing

Two independent sequencing studies were performed. Chinese NTDs were
sequenced on an Illumina X10 platform, while the CEU and ME samples were
sequenced on a HiSeq2500 platform. The average depth of coverage is 30x for all

samples.

Read mapping and variant annotation

The Chinese NTD fastq files were mapped to the hg38 reference sequence using
the Burrows-Wheeler Aligner (BWA)?. We applied GATK® base quality score
recalibration, indel realignment, duplicate removal, and performed SNV (SNP and
INDEL) discovery and genotyping across all samples simultaneously using standard

hard filtering parameters or variant quality score recalibration according to GATK



Best Practices recommendations *3. The variants considered in this analysis are
restricted to GATK ‘PASS’ variants. The CEU and ME sequenced data was processed
based on the CASAVA pipeline (1.9.0al, Illumina) using hgl9 as the human
reference genome. Variants were further filtered by high genotype quality (> 20) in
each sample. Coordinates of variants were converted between hgl9 and hg38 using
CrossMap®.

Variants (SNVs and Indels) were annotated with information from Ensembl
release 84 using the Variant Effect Predictor (VEP)’ and Ensembl canonical and
APPRIS? transcripts were utilized. Each variant was classified into groups of LoF
(loss of function, including splice acceptor/donor, stop gained/lost, initiator codon and
frameshift indels)’, missense, synonymous and others based on the Sequence
Ontology (SO)'°. The functional impacts of missense mutations were also predicted
using Polymorphism Phenotyping version 2 (Polyphen2)!' and Sorting Intolerant
From Tolerant (SIFT)'? via VEP’. The missense variants, that are predicted to be
damaging by PolyPhen-2 and deleterious by SIFT, were annotated as deleterious

mutations (D-mis).

Rare damaging variant analysis
Minor allele frequency (MAF) of variants was calculated based on each cohort.
Only rare (MAF < 0.01) protein-coding variants in NTDs and controls were selected

for functional predictions. The selected damaging (LoF and D-mis) variants in both



cases and controls were further compared with data in the 1IKGP (1000 Genomes
Project) and ExAC databases (http://exac.broadinstitute.org). The variants with
MAFikgr < 0.001 and MAFexac < 0.001 were selected for analysis. D-mis are the
missense variants which are predicted to be damaging by PolyPhen-2 and deleterious
by SIFT. LoF (loss of function), includes splice acceptor/donor, stop gained/lost,
initiator codon and frame-shift indels. We also evaluated singleton LoF variants’
distribution using selected variants between human NTDs and 1KGP.

Gene set of 249 human orthologs of mouse NTD associated genes, which have
been identified based on mouse NTD model studies'®, was first used to investigate the

enrichment of these rare damaging variants.

Singleton LoF variant confirmation
120 SLoFVs were randomly selected in Chinese NTDs cohort and confirmed by
Sanger sequencing. 88.3% (106/120) were correct. Also 28 SLoFVs were randomly

selected in US NTDs of which 96.4% (27/28) were confirmed by Sanger sequencing.

Pathway analysis
Frequently mutated pathways with rare LoF variants in human NTDs were

1415 via R packages'®!7. Heat-map was generated by

analyzed using KEGG pathway
the Complex Heat-map package in R!'® to determine the relationship between samples

and pathways with LoF variants.



Genome expression and DNA methylation analysis

The genome expression profile of GSE4182, which included fetal mRNA data of
4 NTDs and 5 controls based on oligonucleotide microarrays, was downloaded from
the Gene Expression Omnibus database!®. Surrogate variable analysis (SVA) was
applied to remove batch effects’®. Gene annotation was added by hgul33plus2.db
package in R. We used the limma package?®! to screen the differentially expressed
genes between cases and controls. The P-values were adjusted for multiple
comparisons using the FDR (False Discovery Rate). The adjusted P < 0.05 and
1.2-fold were used as the cut-off criteria. Function heatmap.2 was used for the
graphical display of the dendrogram?’. We used DOSE package*’ for pathway

enrichment analysis.

Statistical analysis

Differential distributions of LoF variants between human NTDs and 1KGP were
tested by Wilcoxon rank sum test. The y*> and Fisher’s exact test were employed for
association analysis of pathways with LoF variants in human NTDs, and the P-values
were adjusted using the Bonferroni correction. Statistical analyses were conducted by

R (http://cran.r-project.org).
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