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Abstract

Background—Neural tube defects (NTDs) are one of the most common congenital birth defects,
with myelomeningocele (MM) being the most severe form compatible with life. Recent studies
show a link between mitochondrial folate one carbon metabolism and NTDs via the glycine
cleavage system (GCS). We hypothesize that single nucleotide polymorphisms (SNPs) and novel
variants in the coding regions of the GCS genes increase the risk for MM.

Methods—DNA was obtained from 96 subjects with MM born before the United States
mandated folic acid fortification of grains in 1998. Primers were designed for PCR amplification
and sequencing of all exons in the AMT gene, one of four genes in the GCS, followed by
identification of SNPs and novel variants. An additional 252 MM subjects underwent whole
exome sequencing to examine all four GCS genes (aminomethyltransferase, glycine
dehydrogenase, glycine cleavage system protein-H, and dihydrolipoamide dehydrogenase).

Results—We identified six novel, heterozygous variants in the AMT gene with three predicted to
be deleterious to AMT function (p.Val7Leu, p.Pro251Arg, and p.Val380Met). Five extremely rare,
known heterozygous variants were found in the AMT gene and one in the GLDC gene. No novel
variants in the exons of the other two GCS genes (DLD and GCSH) were identified.

Conclusions—We identified novel and rare, known variants in two of the four GCS genes that
may contribute to the development of MM. Consistent with previous findings, the current study
provides additional support that genetic variations in GCS genes contribute to the risk of NTDs.
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INTRODUCTION

One of the most common congenital birth defects in the United States is the neural tube
defect (NTD). The neural tube forms early in pregnancy with closure complete about one
month after conception (Botto et al., 1999; Blencowe et al., 2010). Failure of complete
closure results in an NTD. The open neural tube defect is the most common form and can
present in two ways. A cephalad defect causes anencephaly, absence of a major portion of
the forebrain and skull, resulting in an exposed and undeveloped cerebrum. Anencephaly is
incompatible with life. A caudal defect causes spina bifida and can affect any portion of the
spinal cord. The most common and severe form that is compatible with life is
myelomeningocele (MM), leading to the spinal cord protruding through an opening (Au et
al., 2010).

There are an estimated 3,000 pregnancies affected by NTDs per year, with slightly more
than 1,500 live births resulting in spina bifida. The most serious, long term complications
associated with MM are due to neurological problems and vary from patient to patient.
Some of these include partial or complete paralysis and weakness of the body below the
level of the defect, bowel and urinary dysfunction, hydrocephalus, orthopedic abnormalities,
developmental delay, and learning disabilities (Sandler, 2010). The sum of these
complications results in annual medical care and surgical costs totaling an estimated $200
million in the United States (Williams et al., 2015).

As there is no cure, research efforts have focused on determining the cause in hopes of
finding ways to reduce the risk of developing MM. We have learned through research that
there is not one specific cause but have determined that multiple factors influence the
formation of an NTD (Au et al., 2010; Greene et al., 2011; Copp et al., 2013). In the general
population, the risk of an NTD is about 0.1% (Detrait et al., 2005). However, the recurrence
risk dramatically increases to 2-5% if a sibling is already affected, suggesting a familial
inheritance (Detrait et al., 2005). Syndromes such as trisomies 13 and 18 are also associated
with NTDs, suggesting a genetic effect (Au et al., 2010). Finally, environmental factors seem
to play an important role as well, specifically maternal factors of folic acid consumption,
obesity, insulin-dependent diabetes, and the use of anticonvulsant medications (Shaw et al.,
1996; Hendricks et al., 2001; Au et al., 2010; Blomberg and Kallen 2010; Lupo et al., 2012;
Ruggiero et al., 2015).

Since the early 1990s, maternal folate status has been known to be important in the risk for
NTD formation (MRC Vitamin Study Research Group, 1991; Czeizel et al., 1992). In 1998,
the United States mandated folic acid fortification of cereal and grain products to increase
the consumption of folate by pregnant women (). Food fortification resulted in a decline in
the prevalence rate of spina bifida by 31% (Boulet et al., 2008; Williams et al., 2015) but not
eradication of the disease. The finding suggests that there are other factors involved in folate
metabolism affecting neural tube closure; however, the potential mechanisms are still
unclear. The pathways used for folate one-carbon metabolism operating in the cytosol have
been widely studied and many gene variations have been found to be associated with
increasing the risk of MM (Burren et al., 2008). More recent studies have shown a link
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between mitochondrial folate one-carbon metabolism and NTDs, specifically looking at the
enzymes in the glycine cleavage system (GCS) (Narisawa et al., 2012).

Folate one-carbon metabolism produces one-carbon units to be used in the synthesis of
purines, thymidylate, and methionine, components that are building blocks for RNA and
DNA, neurotransmitters, membrane lipids, and proteins to name a few (Pai et al., 2015). All
of the described reactions occur in the cytosol and obtain one-carbon units from the
mitochondria. The GCS is a key pathway occurring in the mitochondria that helps in the
production of the required one-carbon units. The GCS is part of the glycine and serine
catabolism pathway and is composed of four enzymes: glycine dehydrogenase (GLDC),
aminomethyltransferase (AMT), glycine cleavage system protein H (GCSH), and
dihydrolipoamide dehydrogenase (DLD) (Kikuchi, 1973). The system is attached to the
inner membrane of the mitochondria and is triggered in response to high concentrations of
glycine.

The GCS plays an important role in the development of non-ketotic hyperglycinemia
(NKH), an inherited inborn error of metabolism (Azize et al., 2014). Biallelic mutations of
the AMT or GLDC genes result in a deficiency of the GCS and inability to break down
glycine causing encephalopathy and often death (Kure et al., 2006). Mutations in the other
two genes of the GCS, GCSH and DLD, have not been described in patients with NKH. The
growing research on mitochondrial folate metabolism has shown a link between the GCS
pathway and NTDs. An animal model study by Narisawa (2012) found that mice with
functional Amtwere viable, fertile, and without malformations. However, 87% of knockout
mice without Amtgenes developed NTDs and the GCS activity was undetectable,
suggesting that AMT function is essential for GCS activity and necessary for successful
neural tube closure. Pai (2015) used a mouse model to demonstrate the link between NTDs
and NKH. They found that mice with homozygous mutations of G/dc or Amtcaused NKH
phenotypes and NTDs. The purpose of our study was to examine the occurrence and
functional implication of sequence variations found within the coding regions of the glycine
cleavage system genes in patients with non-syndromic MM.

METHODS

Patient samples

Our study population consisted of subjects with MM chosen from a cohort of non-syndromic
MM subjects participating in various genetic studies in our laboratory. The study protocols
were approved by the Institutional Review Board at McGovern Medical School in Houston,
Texas. The patient characteristics have been described previously (Au et al., 2008). We
examined 96 MM subjects including 48 Caucasians of European descent and 48 Hispanics
of Mexican descent born before mandatory folic acid fortification in the United States (Aneji
et al., 2012). They were selected randomly from the larger study cohort after enrollment
across three sites (Texas, California, and Canada).

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shah et al. Page 4

DNA Collection

As previously described (Au et al., 2008; Ruggiero et al., 2015), whole blood and saliva
samples were obtained from MM patients and parents when available. The Puregene DNA
Extraction Kit (Gentra Systems, Minneapolis, MN) was used to isolate DNA from whole
blood, and the Oragene DNA Collection Kit (DNA Genotek, Ontario, Canada) was used for
saliva samples.

Polymerase Chain Reaction Amplification

Polymerase chain reaction (PCR) and nested-sequencing primers (available upon request)
were designed for each of the nine AMT exons using the reference genomic sequence of
AMT (NM_000481) from the University of Santa Cruz Genome Browser (UCSC Genome
Browser). Flanking regions up to 100 base pairs on either side of each exon were included to
examine the splicing donors and acceptors as well. The primers were synthesized by
Integrated DNA Technologies USA (Coralville, IA). AMT exons were amplified by PCR
with MyTag Hot Start DNA Polymerase (Bioline USA Inc, Taunton, MA) using the MJ
Research PTC-100 Thermal Cycler (MJ Research, Waltham, MA). PCR product sizes were
examined by electrophoresis in a 1.4% agarose gel. The excess primers and nucleotides were
removed by treating the amplified products with exonuclease | and shrimp alkaline
phosphatase (United States Biochemicals, Affymetrix, Cleveland, OH) prior to sequencing.

Sequencing and Analysis

Sanger sequencing was utilized with the BigDye Terminator Protocol (Applied Biosystems,
Foster City, CA) and nested-sequencing primers. The products were resolved on the ABI310
Genetic Analyzer (Life Technologies Inc, Grand Island, NY). The DNA sequences of the
subjects were manually compared to the AMT reference sequence to identify single
nucleotide polymorphisms (SNPs) and novel variants. The variants not reported by the
Single Nucleotide Polymorphism Database (dbSNP 144) were considered novel and further
confirmed by sequencing a fresh PCR preparation from both directions. When available,
parental genomic DNA was also sequenced to determine if novel variants were de novo or
inherited. The ethnically matched reference population was obtained from the 1000
Genomes Project.

Whole Exome Sequencing

An additional 500 subjects with MM and their parents were selected from the cohort
described in Au (2008) to undergo whole exome sequencing (WES). The cohort consists of
patients born either before or after mandated folate fortification in the United States. Whole
exome sequencing (WES) using the lon Proton System was performed following the
standard workflow of the manufacturer (Thermofisher Scientific). Currently, 252 samples
have been analyzed to identify sequence variations in each of the four genes comprising the
glycine cleavage system. Variants not recorded in doSNP 144 were considered novel.

RESULTS

Upon examination of the nine exons in the AMT gene in 96 MM subjects, we identified four
novel, heterozygous variants (Table 1) in ten patients. Variant ¢.19G>C (Figure 1), a single
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base pair substitution changing valine to leucine, was found in exon 1 in three Caucasian
subjects. Variant ¢.555C>T (Figure 2) results in a silent change of the proline codon in exon
6 and was observed in five Hispanic subjects. Variant c.631G>A (Figure 3), another single
base pair substitution in exon 6, changed the glutamic acid codon to lysine in one Caucasian
subject. The last variant, ¢.752C>G (Figure 4), changed the proline codon to arginine in
exon 7 and was observed in one Hispanic subject.

The whole exome sequencing project provided data for an additional 252 MM subjects (121
Caucasian and 131 Hispanic Mexican), expanding the analysis to all four genes in the GCS.
We identified an additional two novel and five extremely rare, known heterozygous variants
in the AMT gene and one extremely rare, known variant in the GLDC gene (Table 2). A
novel missense variant ¢.1138G>A, located in the AMT gene, changes the valine 380 codon
to methionine (p.Val380Met) and is of interest due to its proximity to the splice donor site.
The other novel AMT variant was found 519 bases upstream of the transcription start site of
AMTmRNA in the core promoter region. The variant ¢.231G>A, occurring in exon two as a
silent mutation, and four other noncoding variants were recently described as extremely rare
SNPs with minor allele frequencies varying from zero to 0.03%.

In addition, only one variant was found in the GLDC gene, located in intron eight of an
Hispanic Mexican MM subject. The variant was recently described in dbSNP without
population frequency information. Interestingly, we did not find novel or rare exome variants
in the other two GCS genes, DLD and GCSH, among the 252 MM subjects who were
sequenced.

DISCUSSION

Current evidence suggests that the cause of NTDs is multifactorial, including environmental
influences, ethnicity, and genetic variation. Because of the complexity of factors resulting in
NTD formation, we are far from a cure or any preventive measures but instead strive to
determine ways to decrease the risk of occurrence and further explore the many mechanisms
involved in such a complicated disease process. Folate one-carbon metabolism is a key
player in neural tube closure, specifically functionally deleterious mutations found in the
glycine cleavage system genes in NTD cases, as it provides one-carbon units for DNA
synthesis, methylation, and cell proliferation (Narisawa et al., 2012).

Mouse-model studies have shown that the genes encoding enzymes in the GCS have a
significant role in NTDs. Narisawa (2012) identified multiple heterozygous variants in the
Amtgene that resulted in decreased enzymatic activity of the GCS. Further evidence showed
that GCS activity was required for neural tube closure by the presence of NTDs in mice
lacking enzyme activity (Narisawa et al., 2012). Pai (2015) provided similar results for the
Gldc gene in the mouse model, stating that it was a requirement for neural tube closure as
well. In both of these studies, the NTDs consisted of anencephaly, exencephaly, and spina
bifida.

In the current study, we provide additional genetic support that the GCS genes are likely
involved in the development of myelomeningocele. Of the four novel variants found in the
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AMT gene, two are likely to be damaging to enzyme activity: ¢.519G>C (p.Val7Leu) and c.
752C>G (p.Phe251Arg). Both affected codons are highly conserved evolutionarily with high
positive GERP scores. In addition, AMT with either variant was considered damaging by
SIFT, PROVEAN, and Polyphen2. In contrast, the other two novel variants, ¢.555C>T
(p.Pro185) and ¢.631G>A (p.Glu211Lys), were predicted to be benign by in silico analyses.
The exact biological significance for these variants to AMT remains to be validated
experimentally.

All of the novel variants in the AMT gene displayed in Table 1 were re-sequenced for
confirmation and some parental DNA was available for seven of the ten subjects found to
have novel variants. Trios (DNA of subject, mother, and father) were available for two
subjects, one with variant ¢.555C>T and the other with variant ¢.752C>G. For each of these,
the variant was also found in the mother but not the father, suggesting maternal inheritance.
Duos (DNA of subject and one parent) were available for five subjects. Four of these
subjects had variant ¢.555C>T with maternal DNA available for three subjects and paternal
DNA for one subject. In these duos, the variant was found in one mother but not in the
remaining two mothers or the father. The other duo pertained to variant ¢.631G>A, which
was found in the father but maternal DNA was not available. Therefore, it is difficult to
determine a specific inheritance pattern but it is possible that these variants were inherited.

Both novel variants and extremely rare SNPs (alternate allele frequency between 0 and
0.03%) were identified from the whole exome sequencing project because the sequencing
included promoters, exons, and introns. One novel variant (c.1138G>A) identified in an
Hispanic subject changed the codon for valine 380 to methionine and is considered
damaging to AMT by functional analysis programs. The nucleotide 1138G is highly
conserved among vertebrates and has a high GERP score, implying its importance in
evolution. The variant also changed the conserved splice donor motif “gt” to “at”, abolishing
the splice donor site from exon 9 to exon 10 for AMT variant 4 (NM_00164712). The
biological function of AMT variant 4 has not yet been identified so the significance of this
change is unclear. The other variants found by WES are more frequent than reported in
dbSNP144. Biological significance of these variants needs to be experimentally examined as
well.

It is important to note that variants have only been found in the AMT and GLDC genes, but
not GCSH or DLD genes, also part of the GCS. AMT is the smallest gene (5,901 bp with
about 1,212 bp coding sequences) of the four GCS genes but was found to have the highest
occurrence of novel sequence variants in subjects with MM. Prior studies examining the
GCS genes have not found mutations in the DLD gene and only a handful in the GCSH gene
in cases of non-ketotic hyperglycinemia (Kure et al., 2006), suggesting these two enzymes
are extremely important to other cellular functions, not just folate metabolism. DLD, in
particular, is an important catalyst in three other mitochondrial enzyme complexes in
additional to the GCS: pyruvate dehydrogenase, a-ketoglutarate dehydrogenase, and
branched-chain a-ketoacid dehydrogenase (Johnson et al., 1997). In a study examining the
effect of DLD, heterozygous mice display only half of the wild-type activity levels for the
associated mitochondrial complexes mentioned above (Johnson et al., 1997). D/d knockout
mice die prenatally prior to the gastrulation phase, providing evidence that DLD is essential
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for embryo survival (Johnson et al., 1997). Based on these findings, mutations in these genes
would not be identified in our study cohort because all MM subjects survive embryogenesis
to birth.

There were several strengths to our study. We re-sequenced all exons of the AMT gene in 96
MM subjects from two ethnic groups with the highest prevalence of NTDs using the Sanger
sequencing method, considered the gold standard. Our study population consisted of MM
subjects born prior to the mandated folate fortification era; thus allowing us the potential to
identify variants in patients that may not have shown the MM phenotype post-folate
fortification rescue. We also had some parental DNA available from affected subjects with
new variants to speculate the inheritance pattern of the discovered novel variants.

Limitations of our study include the small sample size; however, results from the WES study
of 500 cases will provide a better perspective on the importance of GCS genes and
myelomeningocele. Other limitations include the low rare allele frequency of SNPs, together
with the small sample size, affecting the power of the study and the ability to establish
significant associations of these SNPs with NTD risk. Lastly, although Sanger sequencing is
the gold standard, its use does limit the number of samples we could examine due to the
time commitment and high cost.

In conclusion, we provide evidence that damaging heterozygous variant alleles in GCS
genes identified in MM cases may increase the risk of MM. Our findings, along with other
studies, have shown that GCS genes play an important role in neural tube closure. However,
further research is needed to examine the role of each GCS gene in the pathogenesis of
NTDs and how the identified novel variants affect GCS enzyme activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Exon 1 variant ¢.19G>C
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Figure 2.
Exon 6 variant ¢.555C>T
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Figure 3.
Exon 6 variant c.631G>A
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Figure 4.
Exon 7 variant ¢.752C>G
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