RESEARCH

www.nature.com/pr

q

Check for
updates

POPULATION STUDY ARTICLE
Genetic variants in S-adenosyl-methionine synthesis pathway
and nonsyndromic cleft lip with or without cleft palate in Chile

Carlos Salamanca'??, Patricio Gonzalez-Hormazabal®, Andrea S. Recabarren’, Pamela A. Recabarren’, Roberto Pantoja>®, Noemi Leiva’,
Rosa Pardo®%'° and José Suazo'

BACKGROUND: The S-adenosyl-methionine (SAM) availability is crucial for DNA methylation, an epigenetic mechanism involved in
nonsyndromic cleft lip with or without cleft palate (NSCL/P) expression. The aim of this study was to assess the association between
single-nucleotide polymorphisms (SNPs) of genes involved in SAM synthesis and NSCL/P in a Chilean population.

METHODS: In 234 cases and 309 controls, 18 SNPs in AHCY, MTR, MTRR, and MAT2A were genotyped, and the association between
them and the phenotype was evaluated based on additive (allele), dominant, recessive and haplotype models, by odds ratio (OR)
computing.

RESULTS: Three deep intronic SNPs of MTR showed a protective effect on NSCL/P expression: rs10925239 (OR 0.68; p = 0.0032; g =
0.0192), rs10925254 (OR 0.66; p = 0.0018; g = 0.0162), and rs3768142 (OR 0.66; p = 0.0015; g = 0.0162). Annotations in expression
database demonstrate that the protective allele of the three SNPs is associated with a reduction of MTR expression summed to the
prediction by bioinformatic tools of its potentiality to modify splicing sites.

CONCLUSIONS: The protective effect against NSCL/P of these intronic MTR SNPs seems to be related to a decrease in MTR enzyme
expression, modulating the SAM availability for proper substrate methylation. However, functional analyses are necessary to
confirm our findings.
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IMPACT:

® SAM synthesis pathway genetic variants are factors associated to NSCL/P.
® This article adds new evidence for folate related genes in NSCL/P in Chile.
® |[ts impact is to contribute with potential new markers for genetic counseling.

INTRODUCTION

Epigenetic modifications include both DNA and histone methyla-
tion." These modifications lead to differential gene expression-
producing cells with diverse phenotypes from the same genome.?
Epigenetics also reflects the effects of a changing environment on
an individual during his/her life, a phenomenon that has
generated great interest in complex diseases, in considering the
possibility that complex diseases may have causes unrelated to
the genetic sequence® Thus, epigenetic changes could explain
part of the heritability of complex traits where genome-wide
association studies have only found small contributions from
genetic variants.*

Nonsyndromic orofacial clefts (OFCs) are the most prevalent
craniofacial birth defects in Chile and worldwide.® These
malformations include nonsyndromic cleft lip with or without
cleft palate (NSCL/P), and nonsyndromic cleft palate not
associated with other major malformations.® Affected subjects

present a wide variety of complications related not only to
orofacial issues but also experience delays in cognitive develop-
ment and a shorter lifespan, which is associated with an increased
risk of certain cancers.”® NSCL/P is a complex trait where its
susceptibility seems to depend on the interaction of genetic and
environmental factors.®® NSCL/P etiology also hints at a missing
heritability phenomenon where genetic variants explain only
~20% of its heritability.'® In the past decade, several studies have
been performed assessing the possible role of epigenetics in
NSCL/P etiology in humans, focusing on both global and specific
regions DNA methylation from blood or oral tissues.''™'* In
addition, evidence from animal models has demonstrated the role
of histone methylation in the expression of OFCs.">™"’

The methyl group donor for DNA, histone methylation, and
more than 50 other methylation reactions, is S-adenosyl-
methionine (SAM), which is used by several methyl-transferases
at the nuclear and cytosolic levels.'® After the production of the
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methylated substrate, SAM becomes S-adenosyl-.-homocysteine
(SAH)." SAH is a strong inhibitor of SAM-dependent reactions, and
is hydrolyzed to adenine and homocysteine (Hcy) by a reaction
catalyzed by S-adenosyl-.-homocysteine hydrolase (SAHH).?° Hcy
is also a negative regulator of methyl-transferases, and is re-
methylated to methionine by methionine synthase (MS or MTR),
which transfers a methyl group from 5-methyl-tetrahydrofolate, a
reaction that uses methylcobalamin as a cofactor, derived from
vitamin B12.2" In this reaction, the oxidized cofactor inactivates
MTR, which is later regenerated by MTRR enzyme.*? Finally,
methionine is converted to SAM by methionine adenosyltransfer-
ase (MAT) in an ATP-dependent reaction.”® In addition to its
synthesis pathway enzymes, SAM levels depend on the intake of
methyl donors, such as folates and vitamin B12.'®

Variants in genes in the aforementioned SAM synthesis pathway
have been associated with the risk of NSCL/P in several
populations.>*3' In addition, these phenotypes are related to
the maternal consumption of folates and vitamin B12 during the
periconceptional period.?? In Chile, our group has reported that a
functional variant in the MTHFR gene (codes for the enzyme-
producing 5-methyl-tetrahydrofolate) is a risk factor for NSCL/P.33
The purpose of this study was to assess the association between
single-nucleotide polymorphism (SNP) variants of the genes
involved in the SAM synthesis pathway and NSCL/P in a Chilean
population, based on a case-control design. To achieve this
purpose, our report includes the genes encoding the enzymes
SAHH (AHCY, 209q11.22), MS (MTR, 1g43), MTRR (MTRR, 5p15.31),
and MAT (MAT2A, 2q11.2).

METHODS

Subjects

Our case sample was composed of 234 unrelated NSCL/P subjects.
This group contained 38.0% females, and 70% had no family
history of OFCs. These cases were recruited from 2017 to 2019
from the following centers in Santiago, Chile: The Craniofacial
Malformations Unit, School of Dentistry, Universidad de Chile; The
Cleft Lip/Palate Center, Hospital Exequiel Gonzalez Cortes; The
Dental Service, Hospital Roberto del Rio, and The Maxillofacial
Service, Hospital San Borja-Arriaran. The control group was
composed of 309 unrelated individuals, and does not significantly
differ in the proportion of sexes as compared to cases (37.2%
females, p =0.8645). These subjects were recruited from blood
donors from the blood banks of San Jose and San Juan de Dios
Hospitals and from un-clefted patients from the Dental Clinic,
School of Dentistry, Universidad de Chile (Santiago, Chile). All
control subjects had a negative family history of OFCs. Clinical and
demographic data for cases and controls are detailed in
Supplementary Table S1 (online). Our study was conducted
following the guidelines of the Declaration of Helsinki and was
approved by The Institutional Review Board of the Faculty of
Dentistry, Universidad de Chile (Protocol #2017/07). All partici-
pants or their legal guardians provided their written informed
consent. For this study, an alliance with the University of Chile
BioBank (BTUCH) was established for all aspects related to the
collection, processing, and secure storage of both clinical and
epidemiological data and biological samples. BTUCH meets
international standards for storage, tracking, processing, and
distribution of samples and data policies.***> This platform
applied a broad informed consent authorized by the Institutional
Review Board of the Clinical Hospital, University of Chile.

SNP selection and genotype extraction

Genomic DNA samples from each participant were purified from
venous peripheral blood or from buccal swabs using a standard
method (QIAamp DNA Blood Mini Kit; Qiagen, Venlo, Netherlands).
Genotypes for AHCY, MTR, MTRR, and MAT2A SNPs were obtained
by performing an Infinium Global Screening Array-24 BeadChip
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(lumina, San Diego, CA, USA) at the Human Genomics Facility
(HuGe-F) in Erasmus MC, Netherlands according to the manufac-
turer's instructions. Subjects and markers included here passed
the quality control tests according to previously stated criteria.>®
For cases and controls, a genotype call rate 295% was used. Then,
SNPs were selected among those meeting all the following
criteria: (a) located between 5 kb upstream from the transcription
start site and 5 kb downstream from the stop triplet (according to
human genome GRCh37 assembly); (b) a minor allele frequency
(MAF) >0.10; (c) not in linkage disequilibrium (LD) with other SNPs
assayed in the array (*>0.8); and (d) no significant departure
from the Hardy-Weinberg equilibrium (HWE) in the control
population (p < 0.01). Supplementary Table S2 (online) describes
the list of SNPs included in this study.

Statistical analyses

Genotype set manipulation and additive (allele), recessive, and
dominant model associations were performed using PLINK 1.9
(http://www.cog-genomics.org/plink/1.9/). In order to detect HWE
departures we applied an exact test. Association between SNPs
and phenotype was assessed under the three above-mentioned
models by performing a logistic regression analysis. Because the
association of genetic markers and NSCL/P differs by sex,***” p
values for additive model association were also adjusted for sex.
To infer the effect of population stratification on association, we
obtained a set of genotypes from Infinium Global Screening Array
(Nlumina, CA, USA) where SNPs from extended regions of high LD
(*>0.2) were excluded. The genotypes for a set of 284,256
autosome SNPs were employed for a principal component
analysis (PCA). PC1 and PC2 were included as covariates in the
logistic regression anaI%/ses in order to adjust p values for
population stratification.*® False discovery rate (FDR) was applied
for multiple comparisons correction according to the
Benjamini-Hochberg method.*® For this purpose, a threshold for
FDR-adjusted p values (g value) of 0.05 was considered. For
haplotype-based association analysis, UNPHASED software was
used, which performs a likelihood-ratio test for each haplotype.*
The statistical power (1 — f8) for genetic association based on the
additive allele model was computed using Quanto 1.2.4 (http://
biostats.usc.edu/Quanto.html).

Functional prediction and annotation for significant SNPs
Association with gene expression was evaluated using the
Genotype-Tissue Expression (GTEx) database (https://www.
gtexportal.org/home/). For variants located within intron and/or
exon-intron boundaries, its potential effects on splicing was
evaluated using the Human Splice Finder online tool (http://www.
umd.be/HSF/).*! This tool detects significant changes produced by
sequence variants in sites, such as donor, acceptor, branch point,
exonic enhancer, and silencer sites. In addition, associated intronic
variants were assessed using the regSNP-intron (https://regsnps-
intron.ccbb.iupui.edu/), which predicts the likelihood of an intronic
SNP to cause a disease.*?

RESULTS

After filters were applied as described in the “Methods” section, 18
SNPs of AHCY, MTR, MTRR, and MAT2A were included in this
association study. Their rsIDs, chromosome position, alleles, and
MAFs in NSCL/P cases and controls are detailed in Supplementary
Table S2 (online). After a multiple comparison correction, the
additive (allele) model showed that three variants within MTR are
associated with NSCL/P in our sample: rs10925239 (odds ratio (OR)
0.68; 95% confidence interval (Cl) 0.53-0.89; p=0.0032; g=
0.0192), rs10925254 (OR 0.66; 95% ClI 0.50-0.86; p =0.0018; g =
0.0162), and rs3768142 (OR 0.66; 95% Cl 0.50-0.86; p = 0.0015;
g=0.0162) (Table 1). None of the other markers for MTR or the
other three genes exhibited significant results. The association
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Table 1. Allele (additive) association between SNPs in genes involved in the SAM synthesis and NSCL/P in a Chilean population.
rsID Gene Minor allele OR (95% CI)? p Value® FDR OR (95% CI)® p Value® FDR OR (95% CI)¢ p Value® FDR

g value® g value® g value®
rs10925239 MTR T 0.68 (0.53-0.89) 0.0032 0.0192 0.66 (0.51-0.86) 0.0023  0.0138 0.65 (0.50-0.59) 0.0016  0.0096
rs6660700 MTR C 1.16 (0.86-1.59) 0.6082  0.5791 1.17 (0.87-1.58) 0.3065 0.6130 1.16 (0.86-1.58) 0.3181 0.6362
rs883396 MTR A 1.29 (1.01-1.66) 0.0350 0.1575 1.33 (1.03-1.72) 0.0277 0.1246 1.36 (1.05-1.76) 0.0191 0.0859
rs10925254 MTR T 0.66 (0.50-0.86) 0.0018 0.0162 0.65 (0.49-0.85) 0.0017 0.0138 0.64 (0.49-0.84) 0.0013  0.0096
rs3768142 MTR G 0.66 (0.50-0.86) 0.0015 0.0162 0.64 (0.49-0.84) 0.0014 0.0138 0.64 (0.49-0.83) 0.0011 0.0096
rs10925257 MTR G 1.13 (0.82-1.55) 0.4288 0.7016 1.13 (0.83-1.54) 0.4274  0.6993 1.12 (0.82-1.53) 0.4698 0.7687
rs2275565 MTR A 1.09 (0.80-1.48) 0.5470 0.7574 1.09 (0.81-1.47) 0.5469  0.7221 1.09 (0.80-1.46) 0.5927 0.7898
rs1446669 MAT2A C 1.15 (0.84-1.57) 03379 0.6082 1.14 (0.85-1.54) 0.3501 0.6301 1.09 (0.81-1.47) 0.5579 0.7898
167488024 MTRR T 0.97 (0.74-1.27) 0.8431 0.8926 0.97 (0.75-1.27) 0.8466  0.8466 1.00 (0.77-1.31) 0.9624 0.9624
rs1046014 MTRR G 1.16 (0.89-1.50) 0.2414  0.5431 1.15 (0.90-1.47) 0.2505 0.5636 1.18 (0.92-1.51) 0.1833  0.4578
rs1801394 MTRR G 0.91 (0.70-1.19) 0.5143 0.7574 0.92 (0.71-1.19) 0.5214  0.7221 0.90 (0.70-1.17) 0.4507 0.7687
rs1532268 MTRR A 0.97 (0.71-1.38) 0.8418 0.8929 0.97 (0.72-1.31) 0.8440 0.8466 0.95 (0.70-1.28) 0.7460 0.7898
rs7703033 MTRR A 0.94 (0.69-1.29) 0.7216  0.8659 0.94 (0.70-1.28) 0.7104  0.8466 0.92 (0.68-1.26) 0.6265 0.7898
rs162036 MTRR G 1.17 (0.91-1.51) 0.1986 0.5107 1.17 (0.92-1.49) 0.2011 0.5171 1.20 (0.93-1.54) 0.1459 04377
rs4001964 MTRR G 0.98 (0.73-1.31) 0.8992  0.8992 0.97 (0.71-1.31) 0.8280 0.8466 0.95 (0.70-1.29) 0.7394 0.7898
rs10380 MTRR T 1.19 (0.93-1.55) 0.1508  0.4524 1.19 (0.93-1.51) 0.1601  0.4803 1.22 (0.95-1.56) 0.1131  0.4072
rs4911259 SAHH T 1.19 (0.93-1.54) 0.1476 0.4524 1.19 (0.93-1.52) 0.1526  0.4803 1.17 (0.91-1.49) 0.2035 0.4578
rs2424932 SAHH A 1.08 (0.81-1.44) 0.6112  0.7858 1.08 (0.83-1.42) 0.5617  0.7222 1.06 (0.80-1.39) 0.7028 0.7898
FDR q value p value corrected by false discovery rate, PC principal component.
2Unadjusted.
PAdjusted by sex.
“Adjusted by PC1 and PC2 in 234 cases and 309 controls.

between these three MTR SNPs and NSCL/P remained significant
when its p values were adjusted for sex: rs10925239 (p = 0.0023;
g =0.0138), rs10925254 (p =0.0017; g =0.0138) and rs3768142
(p =0.0014; g =0.0138) (Table 1). Regarding population stratifica-
tion, after adjusting for PC1 and PC2, the significance of the
association between these three MTR SNPs and NSCL/P was
comparable with the unadjusted data: rs10925239 (p =0.0016;
g = 0.0096), rs10925254 (p=0.0013; g =0.0096) and rs3768142
(p=0.0011; g =0.0096) (Table 1). When the dominant model of
association was evaluated, none of the 19 SNPs from the four
genes considered showed significant results (Table 2). On the
other hand, when a recessive model was assessed, association
with NSCL/P was detected for the same three aforementioned
SNPs of MTR: rs10925239 (OR 0.37; 95% Cl 0.20-0.68; p = 0.0014;
g =0.0108), rs10925254 (OR 0.33; 95% Cl 0.17-0.65; p = 0.0018;
g =0.0108) and rs3768142 (OR 0.33; 95% Cl 0.17-0.65; p = 0.0018;
g=0.0108) (Table 2). Considering the additive model OR, MAF,
and our sample size, we estimated the statistical power for the
association of the three MTR SNPs to be 85% for rs10925239, 88%
for rs10925254, and 88% for rs3768142. Haplotype-based associa-
tion showed that the haplotype T-T-G, composed, respectively, by
the minor alleles of rs10925239, rs10925254, and rs3768142, is
more frequent in controls than in cases (OR 0.73; 95% Cl 0.57-0.95;
p=0.0171) (Table 3). Haplotypes including all MTR SNPs did not
show significant association with the trait, as well as the
combination for MTRR and AHCY gene variants (Supplementary
Table S3, online).

From the GTEx database, we found that the three MTR SNPs are
associated with the expression levels of MTR in several human
tissues and may be considered expression quantitative trait loci.
The tissues where these variants significantly alter gene expres-
sion are detailed in the Supplementary Table S4 (online). In five
human tissues, the major allele of these three SNPs is associated
with increased expression of MTR; therefore, we can infer that the
associated alleles correlate with a decrease in expression.
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According to Ensembl (GRCh38.p13; https://www.ensembl.org/
index.html) the three associated SNPs are located within introns
of the human MTR gene. Thus, rs10925239 is located 2817 bp
upstream of exon 9, rs10925254 is 200 bp downstream from exon
18, and rs3768142 is 1710 bp downstream from exon 22. Based on
the results of regSNP-intron, we found that none of the MTR-
associated SNPs are probable causes of disease (Supplementary
Table S4, online). Using the tool LDlink (https://Idlink.nci.nih.gov/),
we also found that none of these SNPs are in LD (* > 0.8) with
other potential functional variants found in American admixed
population data (data not shown). Thus, applying the algorithms
from the Human Splice Finder tool, we found that all associated
SNPs may have an effect on MTR splicing. Considering its position
relative to its closest exon, one can highlight that the minor allele
of rs10925239 (T) breaks an exon splice silencer site, in
comparison to the major allele (G). In the case of the T allele of
rs10925254, this variant creates a new exon splice enhancer site.
Finally, for rs3768142, we showed that its G allele, in comparison
to a T allele, generates a new donor splice site and two new exon
splice enhancer sites (Supplementary Table S4, online).

DISCUSSION

Population-based association between a biallelic marker and a
disease is based on the premise that the model of inheritance for
the risk/protective allele is unknown.”* Using the additive (allele)
model, we found that the minor allele of three intronic MTR SNPs
(rs10925239, rs10925254, and rs3768142) is significantly less
frequent in cases than in controls, demonstrating a protective
effect against the expression of NSCL/P in a Chilean population
(Table 1). Association for this model may be interpreted as the
carriers of two copies of the minor allele have double the
protective effect as compared to heterozygotes.** In addition, this
additive association is independent of sex for the three MTR
intronic SNPs, evidenced after adjusting p values for this
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Table 2. Dominant and recessive association between SNPs genes involved in the SAM synthesis and NSCL/Ps in a Chilean population.
rsID Gene Dominant model (aa + Aa vs. AA)? Recessive model (aa vs. Aa + AA)®

OR (95% CI)® p Value® FDR g value® OR (95% CI)® p Value® FDR g value®
rs10925239 MTR 0.71 (0.50-1.00) 0.0528 0.2376 0.37 (0.20-0.68) 0.0014 0.0108
rs6660700 MTR 1.17 (0.82-1.66) 0.3946 0.6841 1.48 (0.61-3.54) 0.3820 0.7457
rs883396 MTR 1.72 (1.17-2.53) 0.0055 0.0990 1.13 (0.72-1.73) 0.5800 0.7457
rs10925254 MTR 0.69 (0.49-0.98) 0.0353 0.2118 0.33 (0.17-0.65) 0.0018 0.0108
rs3768142 MTR 0.68 (0.48-0.96) 0.0292 0.2118 0.33 (0.17-0.65) 0.0018 0.0108
rs10925257 MTR 1.13 (0.79-1.62) 0.4849 0.7273 1.33 (0.52-3.40) 0.5533 0.7457
rs2275565 MTR 1.08 (0.76-1.54) 0.6556 0.8663 1.33 (0.56-3.13) 0.5105 0.7457
rs12470957 MAT2A 1.56 (0.96-2.52) 0.0733 0.2638 1.51 (0.94-2.40) 0.0766 0.2757
rs67488024 MTRR 1.15 (0.82-1.62) 0.4181 0.6841 0.55 (0.29-1.04) 0.0657 0.2757
rs1046014 MTRR 1.21 (0.86-1.72) 0.2650 0.5300 1.19 (0.73-1.93) 0.4811 0.7457
rs1801394 MTRR 0.95 (0.67-1.33) 0.7435 0.8829 0.78 (0.45-1.37) 0.3945 0.7457
rs1532268 MTRR 0.97 (0.69-1.38) 0.8854 0.9131 0.90 (0.38-2.15) 0.8208 0.8690
rs7703033 MTRR 0.96 (0.65-1.32) 0.6738 0.8663 1.01 (0.43-2.39) 0.9740 0.9740
rs162036 MTRR 1.31 (0.92-1.87) 0.1279 0.2877 1.10 (0.69-1.76) 0.6896 0.8275
rs4001964 MTRR 0.96 (0.60-1.53) 0.8679 0.9131 0.99 (0.41-2.39) 0.7810 0.8960
rs10380 MTRR 1.32 (0.93-1.87) 0.1131 0.2877 1.15 (0.71-1.86) 0.5659 0.7457
rs4911259 SAHH 1.33 (0.93-1.89) 0.1195 0.2877 1.17 (0.74-1.85) 0.5005 0.7457
rs2424932 SAHH 1.02 (0.72-1.44) 0.9131 0.9131 1.15 (0.77-2.91) 0.2288 0.6864
FDR g value p value corrected by false discovery rate.
2A: major allele; a: minor allele.
PUnadjusted.

Table 3. Haplotype-based analysis between MTR SNPs rs10925239,
rs10925254, and rs3768142 and nonsyndromic orofacial clefts in a
Chilean population.

Haplotype® Frequency cases Frequency OR (95% CI) p Value
controls

G-C-T 0.669 0.605 Ref. -

G-T-G 0 0.002 - -

T-C-T 0.039 0.035 1.07 0.8242
(0.57-2.02)

T-C-G 0 0.002 - -

T-T-G 0.291 0.359 0.73 0.0171°
(0.57-0.95)

2Order or SNPs in the haplotype rs10925239-rs10925254-rs3768142.
PAdjusted p value after 1000 permutations 0.0219.

association by this co-variable (Table 1). Differences related with
sex have been described in prevalence of OFCs, where NSCL/P
male cases are around double those of female cases. In a Chilean
population with a lower sample size than the current one, we have
detected differences among sexes for the association of MTHFR
and SHMT1 variants and NSCL/P.**** The recessive model of
association was consistent with the additive model for the SNPs
rs10925239, rs10925254, and rs3768142 (Table 2). Thus, there is a
protective effect for carriers of two copies of the minor allele of
these variants in comparison to carriers of one or zero copies.**
We also assessed if the protective association with the phenotype
was observed when these markers form a haplotype. Our findings
showed that, although it borders the significant (Table 3), to carry
one copy of the minor allele for the three SNPs on the same
chromosome decreases the risk of NSCL/P. Haplotype-based
methods may capture the interactive effect between two or more
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risk/protective variants on the same chromosome. Therefore, this
can be considered a more powerful approach than single-marker
assessments of susceptible gene mapping for complex traits.*®
The MTR gene is expressed during craniofacial development in
mice, specifically in the first branchial arch, mandibular, and
maxillary prominences, and secondary palate shelves (https://
bgee.org). Its product catalyzes the re-methylation of Hcy into
methionine, which in turn is necessary for subsequent SAM
synthesis and protein synthesis.>' Thus, one can infer that MTR
expression is necessary for substrate methylation during cranio-
facial morphogenesis. The minor alleles for the three associated
SNPs are associated with a decrease in the expression of MTR in
human tissues (Supplementary Table S4, online). If one considers
the results of the recessive model and the haplotype association,
the carriers of two copies of the minor allele rs10925239,
rs10925254, and/or rs3768142 have a reduced risk of NSCL/P
associated with a decreased expression of MTR. This may result in
the accumulation of Hcy, and a reduction of both methionine and
SAM. This hypothesis could sound paradoxical seeing as the
nutrients that stimulate SAM synthesis, such as folates and vitamin
B12 in the maternal periconceptional diet are protective against
OFCs.32** Nevertheless, in support of our hypothesis, there is
evidence of association of fetal and maternal genotypes of the
MTR SNP rs1805087 (A>G) with NSCL/P in different
populations.?#?>45*8 This SNP generates a missense variant that
seems to increase enzyme activity based on findings that the risk
allele (G) carriers have lower Hcy and higher folate circulating
levels than common allele carriers.”® In addition, GG subjects have
an increase in global DNA methylation in comparison to the AA
genotype.*® Another piece of evidence supporting our hypothesis
is the fact that when SAM concentration is higher than
physiological levels, it inhibits MTHFR activity, the enzyme
providing the methyl donor folate for methionine re-
methylation.’ Thereby, one can infer that the increase of
methionine and the subsequent increase of SAM may represent
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a risk for NSCL/P, whereas a protective effect may be expected
with a reduction of MTR expression. We propose the existence of a
fine regulation of the physiological levels of these molecules.

The three MTR SNPs associated with NSCL/P in our population
may be considered deep intronic variants, defined as pathogenic
or disease-associated variants located more than 100 bp away
from the exon-intron limits.>> The predictions of regSNP-intron,
based on data deposited in 1000 Genomes, HGMD, and ClinVar
sources*? showed that none of these variants cause disease. In the
past decade, several articles have reported the potential
pathogenicity of deep intronic variants in both monogenic and
complex traits.>>™>> One of the mechanisms is the activation of
intronic non-canonical splice sites, competing with natural sites
and leading to the inclusion of pseudo-exons through the creation
of new acceptor sites, donor sites or enhancers, or disruption of
silencers.>? Pseudo-exon inclusion is related to the appearance of
a premature stop codon, where this isoform of messenger RNA is
degraded through a mechanism called nonsense-mediated
decay.”® In this context, our prediction analysis based on Human
Splice Finder tools (Supplementary Table S2) reveals that the
protective alleles seem to eliminate an exon splice silencer site
(rs10925239) to create a new exon splice enhancer site
(rs10925254), and to generate a new donor splice (rs3768142),
acting individually or forming a haplotype. Thus, one can infer that
these deep intronic-associated variants potentially may decrease
the expression of MTR through a mechanism involving splicing
alterations and possibly nonsense-mediated decay.

Regarding the strengths of the current report, we can highlight
the statistical power of the three associated SNPs, which range
from 85% to 88%. Another strength is the fact that the p values for
all associated SNPs remain significant after adjustment for PC1
and PC2, reflecting the absence of a population stratification effect
on our findings. PCA considers a set of genotypes in order to
construct a genetic population structure and is an adequate
method for addressing the effect of population stratification on
population-based association.?® It has been demonstrated that
this design may generate spurious association if populations show
stratification by ethnicity, a phenomenon reported in Chile.’”™>°
Nonetheless, the main weakness of our study is the absence of
functional evidence for any of the three associated MTR SNPs,
which creates an opportunity for future studies either in assessing
their effects on in vitro splicing or in vivo in animal models for
craniofacial development.

In summary, we conclude that three intronic SNPs of human
MTR gene are protective markers against NSCL/P in our sample of
the Chilean population, either as individual variants or conforming
a haplotype. The bioinformatic prediction reveals that these deep
intronic variants potentially alter the splicing process, which may
explain their association with the decreased MTR expression, as
shown by annotation evidence for these SNPs. We hypothesize
that a decrease in MTR enzyme levels modulates methionine and
SAM availability for proper substrate methylation. Our findings can
be used to support further in vitro or in vivo analysis in order to
confirm our hypothesis.
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