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Abstract
The biologic basis of autism is complex and is thought to involve multiple and variable gene-
environment interactions. While the logical focus has been on the affected child, the impact of
maternal genetics on intrauterine microenvironment during pivotal developmental windows could
be substantial. Folate-dependent one carbon metabolism is a highly polymorphic pathway that
regulates the distribution of one-carbon derivatives between DNA synthesis (proliferation) and
DNA methylation (cell-specific gene expression and differentiation). These pathways are essential
to support the programmed shifts between proliferation and differentiation during embryogenesis
and organogenesis. Maternal genetic variants that compromise intrauterine availability of folate
derivatives could alter fetal cell trajectories and disrupt normal neurodevelopment. In this
investigation, the frequency of common functional polymorphisms in the folate pathway was
investigated in a large population-based sample of autism case-parent triads. In case-control
analysis, a significant increase in the reduced folate carrier (RFC1) G allele frequency was found
among case mothers, but not among fathers or affected children. Subsequent log linear analysis of
the RFC1 A80G genotype within family trios revealed that the maternal G allele was associated
with a significant increase in risk of autism whereas the inherited genotype of the child was not.
Further, maternal DNA from the autism mothers was found to be significantly hypomethylated
relative to reference control DNA. Metabolic profiling indicated that plasma homocysteine,
adenosine, and S-adenosylhomocyteine were significantly elevated among autism mothers
consistent with reduced methylation capacity and DNA hypomethylation. Together, these results
suggest that the maternal genetics/epigenetics may influence fetal predisposition to autism.
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INTRODUCTION
The genetic basis of most complex disease is thought to involve rare low penetrance genes
that interact with common allelic variants to create a genetic predisposition that may vary
with the timing and severity of environmental exposures (Buxbaum 2009;Cantor
2009;Altevogt et al. 2008). For complex neurobehavioral disorders such as autism, it is
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plausible to hypothesize that the low penetrance genes contributing to autism risk may
converge to disrupt critical metabolic or functional pathways that are essential for normal
neurodevelopment. One pathway with multiple polymorphic variants that has been shown to
be essential for normal fetal neurodevelopment is folate-dependent one carbon metabolism
(Pei et al. 2005b;Scholl and Johnson 2000;Zeisel 2009b;Lopreato et al. 2008;Kempisty et al.
2007). Mammals are unable to synthesize tetrahydrofolate, the active form of folate, and
must rely on dietary sources and de novo synthesis by gut bacteria. Folate is the major one-
carbon donor for de novo nucleotide synthesis for DNA replication and also for
remethylation of homocysteine to methionine for essential methylation reactions. Error-
prone DNA synthesis and DNA hypomethylation have been implicated as potential
mechanisms contributing to abnormal fetal development and have been associated with
maternal polymorphic variants in the folate pathway (Beaudin and Stover 2009;Scholl and
Johnson 2000;Mattson and Shea 2003;Johnson 1999). Maternal genes and environmental
exposures can alter placental and intrauterine metabolic environment to modify the
phenotype of the developing fetus independent of the fetal genotype (Johnson
2003b;Furness et al. 2008;Lim et al. 2008;Johnson et al. 2008).

It has become evident that the quest to discover the genetic basis of autism is much more of
a challenge than originally envisioned. The gene variants uncovered so far have been present
in only a small fraction of cases underscoring the probability that multiple small effect genes
interact to promote a multi-allelic predisposition to autism (Buxbaum 2009). Supporting this
possibility, recent genome-wide association studies have revealed rare copy number
variations that could potentially interact to disrupt pathways of neuronal adhesion or
ubiquitin degradation during neurodevelopment (Glessner et al. 2009). While the logical
focus has been on proband genetics, the impact of maternal genetics on intrauterine
environment during critical periods of fetal neurodevelopment could be substantial and has
been relatively understudied. The purpose of the present investigation was to evaluate the
frequency of common functional polymorphisms in the folate pathway in a large population-
based sample of autism case-parent triads and to apply the transmission disequilibrium test
(TDT) and the likelihood ratio test (LRT) to evaluate relative genetic risk. The LRT is
capable of differentiating whether the relative genetic risk is operating through the case child
and/or through the mother (Wilcox et al. 1998).

Five common polymorphisms in genes coding for enzymes that interact to regulate folate-
dependent one-carbon metabolism were selected based on previous studies indicating
substantial contribution of these allelic variants to fetal anomalies (Pei et al. 2005a;Bosco et
al. 2003;Isotalo et al. 2000;Christensen et al. 1999;O'Leary et al. 2006) and also to
functional alterations folate metabolism (Gaughan et al. 2001;Dunlevy et al. 2006;Lopreato
et al. 2008;Castel-Dunwoody et al. 2005). Over 2100 DNA samples (530 case-parent autism
trios and 560 controls) were obtained from NIMH repository and analyzed for MTHFR
C677T, MTHFR A1298C, MTRR A66G, TCII C776G, and RFC1 A80G as potential
contributors to abnormal maternal one-carbon metabolism. Each of these functional variants
has been associated with alterations in metabolite levels in the folate/methionine
transmethylation pathway as diagrammed in Figure 1. The methylenetetrahydrofolate
reductase (MTHFR) enzyme catalyses the conversion of 5,10-MTHFR to 5-methyl-folate,
the circulating form of folate and the methyl donor for remethylation of homocysteine to
methionine. The MTHFR 677 T allele reduces enzyme activity in a dose/response manner
and is associated with elevated homocysteine levels and increased folate requirement
(Bailey and Gregory, III 1999). A second common polymorphism in the MTHFR gene is the
1298 A to C transition similarly reduces MTHFR activity although to a lesser extent.
(Friedman et al. 1999) Methionine synthase reductase (MTRR) acts to maintain active
reduced cobalamin, an intermediate methyl carrier in the methionine synthase-catalyzed
remethylation of homocysteine to methionine. The MTRR 66G allele has been associated
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with an increased risk of a neural tube defect when maternal B12 intake is low (van der
Linden et al. 2006). Vitamin B12 is transported into all cells by transcobalamin II (TCII) and
the common polymorphism TCII C776G has been associated with reduced cobalamin levels
and elevated homocysteine (Afman et al. 2001). The RFC1 gene encodes the reduced folate
carrier protein which does not participate directly in folate metabolism but is the
predominant mechanism for intracellular transport of metabolically active 5-methylfolate.
Folate transport into RBCs is negatively associated with RFC1 G allele and has been
associated with lower folate and inconsistently with elevated homocysteine levels (Dufficy
et al. 2006;Gellekink et al. 2007;Yates and Lucock 2005). [Figure1]

A second goal of this investigation was to determine whether an increased frequency of
functional polymorphisms in the folate pathway is accompanied by alterations in folate-
dependent methionine metabolism and DNA methylation in blood samples obtained from a
cohort of locally recruited mothers. We recently reported evidence indicating that folate-
dependent transmethylation and transsulfuration metabolism was abnormal in both children
with autism (James et al. 2006) and also their mothers (James et al. 2009). The present
investigation consisted of a larger independent cohort of Arkansas case mothers and
matched control mothers and confirms the presence of abnormal transmethylation
metabolism and global DNA hypomethylation among the autism mothers.

SUBJECTS AND METHODS
Participants

For genotype and DNA methylation analysis, DNA samples from 529 case-parent trios and
566 neurotypical controls with no history of behavioral or neurological problems were
obtained from the NIMH repository as part of the Autism Human Genetics Initiative. For the
metabolic analysis, 57 case families were recruited locally after referral to the UAMS
Dennis Developmental Center for diagnosis by developmental pediatricians. For the local
metabolic studies, probands were between the ages of 3 and 10 years and were diagnosed
with Autistic Disorder using criteria defined by the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV 299.0), the Autism Diagnostic Observation
Schedule (ADOS), or the Childhood Autism Rating Scales (CARS >30). Specifically in the
Arkansas cohort, 14 children were diagnosed by DSM-IV 299.0 clinical judgment plus
CARS >30, 13 children were diagnosed by DSM-IV 299.0 plus ADOS, and 30 children by
DMS-IV 299.0 clinical judgment alone. Probands from the NIMH repository were
diagnosed with DSM-IV 299.0 plus Autism Diagnostic Interview (ADI). Although there was
some variation in the combination of diagnostic tests employed, all children were diagnosed
with DSM-IV 299.0 autistic disorder. Families with children diagnosed with Pervasive
Developmental Disorder-Not-Otherwise-Specified (PDD-NOS), childhood disintegrative
disorder or rare genetic diseases associated with symptoms of autism (e.g., fragile X, Rett
syndrome, tuberous sclerosis) were excluded from participation. African American families
were also excluded based on established racial variation in frequencies of MTHFR C677T
and RFC1 A80G (O'Leary et al. 2006). All participating local case and control families were
Arkansas residents. The ethnic distribution among local case mothers was 96% White, 2%
Hispanic, and 2% Asian with a mean age of 33 ± 6.4 years (range 22–40). Controls mothers
for the metabolic study consisted of 80 mothers with a mean age of 28 years ± 6.6 (range
16–44) who were control participants in an ongoing case-control study of maternal risk
factors for congenital heart defects in Arkansas (Hobbs et al. 2005). Among control mothers
for the metabolic study, the ethnic distribution was 90% White, 8% Hispanic, and 2% Asian.
Over-the-counter multivitamin supplement use at the time of blood draw was not
significantly different among case compared to control mothers (42% vs. 45%, respectively,
by self report). Folate intake from foods was not determined in this study; however, samples
from case and control cohorts were obtained after US folate supplementation. The protocol
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was approved by the Institutional Review Board at the University of Arkansas for Medical
Sciences and all participants signed informed consent.

Genotyping
Genotyping on 529 repository case-parent triads, 566 repository controls and 57 local
mothers was performed with allele-specific fluorescent primer-probe sets supplied by ABI
Assays by Design (Applied Biosystems, Foster City, CA) and primer and probe sequences
are listed in Table I. PCR reactions were carried out with ABI PRISM 7700 and 7900
Sequence Detection Systems (Applied Biosystems, Foster City, CA) under the following
thermal cycling conditions: one cycle at 95°C for 10 minutes (Taq activation), followed by
40 cycles of 92°C for 15 seconds (denature) and 60°C for 1 minute (anneal/extend). The
reaction components were as follows: 900 nM of each primer, 200 nM each probe, 1X of
TaqMan Universal Master Mix (ABI, Foster City, CA) and 250 ng genomic DNA. The PCR
products were visualized on a 2.5% agarose gel with Reliant Fastlane Gel System (Cambrex,
Rockland, ME). [Table 1]

Determination of percent 5-methylcystosine/total cytosine in DNA
To ~1 μg DNA, RNase A (Sigma, St. Louis, MO) was added to a final concentration of 0.02
mg/mL and incubated at 37°C for 15 minutes. The purified DNA was digested into
component nucleotides using Nuclease P1, snake venom phosphodieasterase, and alkaline
phosphatase as previously described (Friso et al. 2002a). Briefly, DNA was denatured by
heating for 3 minutes at 100° C and rapidly chilled in an ice water bath. One-tenth volume
of 0.1 M ammonium acetate, pH 5.3, was added to 2 units of nuclease P1 (Sigma, St. Louis,
MO) for every 0.5 A260 unit of DNA and the mixture incubated at 45°C for 2 h.
Subsequently, 1/10 volume of 1 M ammonium bicarbonate and 0.002 units of venom
phosphodiesterase I (Sigma, St. Louis, MO) were added and the mixture incubated for 2 h at
37° C. To the mixture, 0.5 units of alkaline phosphatase (Sigma, St. Louis, MO) was then
added and the incubation continued for an additional hour. The digested nucleotides were
stored at −20°C until LC/MS/MS analysis. Base separation was performed with a Dionex
HPLC system coupled to an electrospray ionization (ESI) tandem mass spectrometer
(Thermo-Finnigan LCQ) using a Phenomenex Gemini column (C18, 150 x 2.0 mm, 3 μm
particle size) and established methodology (Friso et al. 2002b). Results are expressed as
percent 5-methylcytosine/total cytosine in DNA.

Plasma transmethylation metabolites
Fasting blood samples were collected before 9:00 am into EDTA-Vacutainer tubes and
immediately chilled on ice before centrifuging at 4000 x g for 10 minutes at 4°C. Aliquots of
plasma were transferred into cryostat tubes and stored at −80°C for approximately 2–4
weeks until extraction and HPLC quantification. The methodological details for HPLC
elution and electrochemical detection have been described previously (Melnyk et al.
2000;Melnyk et al. 1999). Although it was not feasible to run all case and control samples at
the same time, the storage interval at −80 degrees was consistently between 2 and 4 weeks
to minimize potential metabolite interconversion. Potential between-run variation was
controlled for by inclusion of internal standards with each run. Plasma total folate and
vitamin B12 were measured using SimulTRAC-SNB Radioassay Kit Vitamin B12/Folate kit
from MP Biomedical, Inc. (Orangeburg, NY).

Statistical Analysis
Genetic statistical analyses were performed using STATA version 10.1 software (StataCorp
LP, College Station, TX). Prior to analysis, genotypic data were checked for Mendelian
segregation errors. Families with unresolved transmission errors were not included in further
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analyses. Odds ratios and 95% confidence intervals for case-control genotypes frequencies
under various genetic models were estimated using linear logistic regression. Case-parent
triad data was first analyzed using an exact Transmission Disequilibrium Test (TDT) to test
for association due to genetic linkage between autism and the offspring’s genetic
polymorphisms while eliminating the effects of population stratification (Spielman et al.
1993;Cleves et al. 1997). Additionally, log-linear models (Poisson) as developed by
Weinberg et al. and implemented in STATA's GENECMT program
(http://www.biostat-resources.com/stata) were used to discriminate the contribution to the
overall genetic relative risk due to maternal genetic factors from those due to the child’s
genotype (Weinberg et al. 1998). Similar to the transmission disequilibrium test (TDT), this
log-linear approach regards the association only within families and consequently, it is
robust to confounding by population stratification. This model also allows the estimation of
the genetic relative risks associated with the mother’s and the offspring’s genotype
independently. To assess the significance of the maternal and offspring genotypes on Autism
risk, likelihood-ratio test were computed by comparing a full model that included maternal
and offspring genotypes to reduced models that included either the maternal or offspring
genotypes only. Metabolic data were prospectively collected and statistical differences
between case and control metabolites were determined using the Student’s t test and S-Plus
software (Seattle, WA) with significance set at 0.05. Given our a priori hypothesis based on
previous results, correction for multiple comparisons was not implemented for metabolite
data. Multiple regression analysis with S-Plus was used to evaluate relationships among
metabolites, global DNA methylation and RFC1 genotype. The linear least squares trend test
was used to evaluate the relationship between RFC1 genotype and DNA methylation.

RESULTS
Case-control frequencies for MTHFR C677T, MTHFR A1298C, MTRR A66G, TCII C776G,
and RFC1 A80G

Genotype frequencies were calculated for the five genotypes and confirmed to be in Hardy-
Weinberg equilibrium. Control genotype frequencies were within the range of previous
population based estimates (2009). There were no significant differences in the allele
frequencies of MTHFR C677T, MTHFR A1298C, TCII C776G, or MTRR A66G among
mothers, fathers or affected child compared to population controls. In Table II, the RFC1 G
allele frequency is shown to be elevated in the mothers (p=0.056), but not in the fathers or in
case children (p= 0.79, p=0.25 respectively). In addition, the RFC1 GG homozygous variant
was significantly elevated (p=0.036) in mothers and associated with a 46% increased risk of
having a child with autism (95% CI:1.01, 2.11). Similarly, the combined RFC1 AG + GG
frequency was significantly increased in mothers (p=0.035) and associated with 40%
increase in risk (CI: 1.01, 1.95). Among the case children, the heterozygous AG genotype
was significantly increased (p=0.047) but homozygous GG genotype was not (p=0.14). The
paternal RFC1 genotype frequencies were not different from the control frequencies. [Table
II]

Transmission disequilibrium test (TDT)
The TDT detects the over-transmission of an allele from heterozygous parents to affected
offspring under the assumption that parental alleles will sort randomly and equally during
gametogenesis. The TDT tests for linkage between alleles and phenotypes that may be
causal or due to linkage disequilibrium. The transmission of the RFC1 G allele within our
case-parent triads is presented in Table III. There was no preferential transmission of the G
allele from fathers or mothers to affected child. [Table III]
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Genetic Relative Risk and Likelihood Ratio Test
The Genetic Relative Risk (GRR) and Likelihood Ratio Test (LRT) are based on a log-linear
model and used to analyze the relationship between mother and child RFC1 80 A>G
polymorphism and the risk of autism. As shown in Table IV, the Genetic Relative Risk
(GRR) of the offspring inheriting one or two G alleles from the mother was not statistically
significant. In contrast, if the mother carried one or two G alleles, the genetic relative risk of
autism was increased 60% and 52% respectively (p=0.007 and 0.02, respectively). The LRT
incorporates all potential allelic combinations and is capable of differentiating whether the
relative risk is operating through the case child and/or through the mother. The maternal
likelihood ratio was 7.76 with a p-value of 0.02 whereas the offspring likelihood ratio was
2.71 and did not reach statistical significance (p=0.25). The log linear analysis suggests that
the RFC1 genotype of the mother is significantly associated with the genetic risk of having a
child with autism independent of the child’s genotype. The inherited genotype of the child
did not contribute significantly to genetic risk in this analysis. [Table IV]

Maternal plasma transmethylation metabolites and plasma folate concentrations
In Table V, plasma metabolites in the folate/methionine transmethylation pathway in case
and control mothers from Arkansas matched for age, race, and vitamin intake is presented.
Plasma levels of 5-methylfolate and methionine were significantly lower in case mothers
compared to control mothers. Both metabolites are essential precursors that provide methyl
groups for cellular methylation reactions including DNA methylation (see Figure 1). In
contrast, the inhibitory products of cellular methylation reactions, S-adenosylmethionine,
adenosine and homocysteine, were significantly elevated among case mothers. The
relationships among these plasma metabolites are presented in Figure 2A-D provide insights
into metabolic abnormalities that may promote global DNA hypomethylation. The inverse
correlation between folate and homocysteine in Figure 2A suggests that low plasma folate
may contribute to the elevated homocysteine in autism mothers. Figures 2B and 2C are
consistent with previous reports indicating that elevated SAH is correlated with elevated
homocysteine and adenosine due to reversal of the SAH hydrolase reaction. The strong
inverse relationship between SAM/SAH and SAH shown in Figure 2D indicates that the low
SAM/SAH ratio is strongly driven by the increase in SAH. Because SAM is the major
methyl donor for the DNA methyltransferase reaction and SAH is the product inhibitor, the
SAM/SAH ratio is thought to be the best indicator of DNA methylation potential (McKeever
et al. 1995). Taken together, these results suggest that a chronic increase in SAH levels may
contribute to a depletion of DNA methyl groups and global DNA hypomethylation in autism
mothers. [Table V] [Figure 2]

Global DNA methylation density and RFC1 genotype association among Arkansas
mothers

As presented in Table VI, the percent 5-methylcytosine/total cytosine in lymphocyte DNA
from the local autism mothers is compared to 5-methylcytosine content from the population-
based NIMH repository DNA. DNA from the autism mothers was found to be significantly
hypomethylated compared to control DNA (p< 0.001). In Table VII, the percent 5-
methylcytosine in DNA from the autism mothers is stratified by RFC1 genotype. An inverse
relationship was found between percent 5-methylcytosine and RFC1 G allele heterozygosity
and homozygosity that was statistically significant using the linear least squares trend test
(p=0.04). DNA methylation status among controls did not vary by genotype and was
consistently higher than the autism cohort regardless of genotype. Figure 3A–C shows the
relationship between SAM/SAH, DNA methylation by RFC1 genotype. There was a
marginally significant correlation between SAM/SAH and DNA methylation among
mothers with the RFC1 GG genotype (p = 0.08) but not among mothers with the RFC1 AA
or AG genotype. Using multiple regression analysis, the relationship between the three
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variables is best explained by the formula: DNA Methylation = 2.5 + 0.167 SAM/SAH +
0.079 Homocysteine (μmol/L) − 0.225 (genotype) where the AA, AG, and GG genotypes
are given a value of 0, 1, and 2 respectively.

DISCUSSION
The emphasis of most genetic studies of autism has logically focused on the affected child.
However, if the genetic alteration negatively affects precursors for DNA synthesis and/or
DNA methylation in high demand during early fetal development, maternal genetic variants
that compromise intrauterine availability could alter programmed cell trajectories and
normal neurodevelopment. Folate-dependent one-carbon metabolism is a highly
polymorphic metabolic pathway that regulates the distribution of one-carbon derivatives
between DNA synthesis (proliferation), and DNA methylation (cell-specific gene expression
and differentiation). As such, normal functioning of this pathway is essential to support the
rapid fire shifts between proliferation, differentiation and cell death that are essential for
normal fetal programming and organogenesis. Maternal polymorphic variants, nutritional
deficiencies and/or environmental exposures that negatively affect availability of one-carbon
precursors have been associated with increased risk of structural birth defects, chromosomal
anomalies, schizophrenia, and prematurity (Doolin et al. 2002;van der Linden et al.
2006;James et al. 1999;Johnson 1999;Bukowski et al. 2009;Scholl and Johnson 2000;Picker
and Coyle 2005). The genetics of the mother acting as a fetal environmental factor
contributing to autism risk has been proposed but has been relatively understudied (Johnson
2003a;Johnson et al. 2008).

In the present report, log linear modeling of the RFC1 G allele frequencies within a large
population based sample of case-parent triads suggests that the maternal G allele may be a
contributing genetic risk factor for having a child with autism independent of the child’s
genotype. Additional case-control analysis indicated that the G allele frequency was
significantly elevated in the autism mothers compared to ~500 controls. In contrast, the G
allele frequency was not different from controls in either the father or the affected child.
There was a marginal increase in RFC1 heterozygosity among autistic children that most
likely reflects the higher G allele prevalence in the mothers. Nonetheless, the results of the
transmission disequilibrium test indicated no preferential transmission of the G allele from
mother to offspring. Taken together, the case-control G allele frequency in mother > child >
father = controls combined with the negative TDT results lend support to the log linear
analysis suggesting that the mother’s RFC1 genotype was the major determinant of genetic
risk in this sample. Similar results supporting a role for HLA-DR4 and GST-P1 as maternal
risk factors for autism has been recently reported (Johnson et al. 2009;Williams et al. 2007).

The abnormal metabolic profile of folate-dependent transmethylation (Figure 1) observed
among the autism mothers replicates our previous data in a smaller independent cohort of
case and control mothers (James et al. 2009). In both cohorts, significant elevations in
plasma homocysteine and adenosine were associated with significant elevation in SAH
concentrations. These results are consistent with the thermodynamics of the SAH hydrolase
(SAHH) reaction in which increased concentrations of homocysteine and adenosine
combine to reverse SAHH kinetics and increase SAH concentrations. SAH is a potent
inhibitor of most cellular methyltransferase reactions including DNA methyltransferase 1
(DNMT1) and has been associated with global DNA hypomethylation in animal and human
studies (James et al. 2002;Caudill et al. 2001;Yi et al. 2000). Thus, it is plausible to
hypothesize that elevated SAH secondary to elevated homocysteine and adenosine may be
contributing factors to the global DNA hypomethylation observed in the autism mothers.
Interestingly, a similar decrease in plasma SAM/SAH ratio has been observed in children
with autism, however the kinetics are somewhat different. In the mothers, the low
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methylation ratio is largely driven by the increase in SAH whereas in the children the low
ratio is predominantly due to low SAM. The evaluation of DNA methylation status in
autistic children is currently underway.

RFC1 AG and GG genotypes have been associated with reduced RBC folate uptake and low
plasma folate levels (Chango et al. 2000b;Dufficy et al. 2006) and inconsistently associated
with elevated plasma homcysteine (Chango et al. 2000a;Gellekink et al. 2007). Despite the
small sample size, a marginally significant correlation was found between RFC1 AG+GG
genotypes and plasma homocysteine concentration (p=0.08) among the local autism mothers
(data not shown). Maternal homocysteine was negatively correlated with plasma folate
(p=0.05) and both were significantly different from control mothers despite similar vitamin
supplement intake and folate fortification. A difference in dietary folate intake from food
cannot be ruled out as a confounding factor to these observations since folate intake from
food sources was not measured in these mothers and is well known to affect plasma
homocysteine and folate levels. Regardless of origin, elevated homocysteine and SAH levels
have been associated with multiple adverse health effects including cardiovascular disease,
autoimmune disease, birth defects, schizophrenia and prematurity (De Bree et al.
2002;Lazzerini et al. 2007;Hobbs et al. 2005;Mattson and Shea 2003;Furness et al.
2008;Susser et al. 1998;Kramer et al. 2009). Multiple studies have demonstrated that
elevated homocysteine and SAH can be normalized by B vitamin supplementation which
could be a clinical consideration in high risk mothers with elevated homocysteine levels
(Brattström et al. 1998;Mansoor et al. 1999).

In the case-control evaluation, DNA from autism mothers was found to be significantly
hypomethylated relative to the population-based repository controls. The repository DNA
was used as the comparison group for this analysis because DNA from our local cohort of
control mothers was not available. Among the local autism mothers, the G allele load was
positively correlated with lymphocyte DNA hypomethylation (Table VII and Figure 3). In
both animal and human studies, DNA hypomethylation has been negatively correlated with
folate status and positively correlated with homocysteine and SAH (van der Linden et al.
2008;Chen et al. 2001;Niculescu and Zeisel 2002;Jacob et al. 1998;Yi et al. 2000). Maternal
folate insufficiency can stem from genetic aberrations, nutritional deficiencies, and/or
environmental exposures that increase folate requirement for DNA synthesis and DNA
methylation during fetal development. Abnormal maternal one-carbon metabolism has been
implicated in the predisposition to spina bifida, Down syndrome, fetal alcohol syndrome,
and prematurity as based on post-partum plasma samples (Doolin et al. 2002;James et al.
1999;Scholl and Johnson 2000). Further, neurodevelopmental regression has been reported
in breast-fed infants of vegan mothers secondary to B12 deficiency, elevated homocysteine
and low SAM/SAH ratio (Dror and Allen 2008). Also of related interest, maternal folate
deficiency and hyperhomocysteinemia during the second and third trimester have been
reported to be significant risk factors for schizophrenia (Bleich et al. 2007;Picker and Coyle
2005).

It is important to note that because maternal blood samples were taken 3–10 years after
pregnancy, it is not possible to know whether the observed maternal metabolic imbalance
was present during gestation and fetal development. This is a common dilemma in studies
that attempt to define maternal risk factors for adverse birth outcomes. However, it is
generally accepted that adult homocysteine levels and dietary patterns during the
reproductive years tend to be relatively stable (Cuco et al. 2006). For example, maternal
homocysteine levels measured after pregnancy were found not to differ from pre-pregnancy
values (Walker et al. 1999). Whether the maternal metabolic abnormalities are genetically-
based, the result of dietary deficiencies, chronic stress, and/or pro-oxidant environmental
exposures cannot be determined from the present data. Nonetheless, the finding of genome-
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wide DNA hypomethylation in a significant subset of autism parents with elevated SAH
provides experimental data to support earlier speculation that epigenetic mechanisms may be
associated with autism. Elevation in maternal homocysteine and SAH during pregnancy
could theoretically alter fetal methylation patterns and induce inappropriate gene expression
during development that could affect predisposition to autism.

Converging lines of evidence in human and animal models suggests that epigenetic
alterations may contribute to the predisposition to autism (Schanen 2006;Jiang et al.
2004;Samaco et al. 2005;Nagarajan et al. 2006;Allan et al. 2008;Badcock and Crespi
2006;Lee et al. 2006). Epigenetic modulation of gene expression lies at the interface
between genes and environment and potentially could provide a molecular explanation for
down-regulation of gene expression in the autistic brain. Fetal DNA methylation patterns are
established very early during embryogenesis and provide the basis for tissue-specific gene
expression, allele-specific imprinting, X chromosome inactivation, and chromosome
stability (Reik and Dean 2001). DNA methylation is a heritable epigenetic mechanism that
regulates appropriate gene expression and silencing during fetal development (Reik 2007).
Aberrant epigenetic programming during critical periods of fetal development can result in
aberrant timing of gene expression and cell differentiation that can heritably alter fetal
phenotype (Zeisel 2009a). Multiple lines of evidence have established proof of principle that
in utero microenvironment and fetal development are modulated by maternal diet, genotype,
and environmental exposures (Burdge 2006;Pickard et al. 2001;Prescott and Clifton 2009).
For example, maternal exposure to valproic acid in rats depletes hepatic methionine,
elevates homocysteine and induces fetal DNA hypomethylation in the offspring that is
preventable by folic acid pre-treatment (Alonso-Aperte et al. 1999;Hishida and Nau 1998).
In mice, maternal deficiency in the methyl donor choline decreases global and gene-specific
DNA and histone methylation and alters gene expression in fetal mouse cortex and
hippocampus (Davison et al. 2009;Niculescu et al. 2006). In utero exposure to bisphenol A
alters site-specific DNA methylation and offspring phenotype in agouti mice that is
counteracted by maternal methyl donor supplementation (Dolinoy et al. 2007). Taken
together, these studies suggest that diet and maternal environmental exposures can alter fetal
epigenome and phenotype that may be preventable with appropriate intervention.

In summary, the observations communicated in the present report suggest a broader
paradigm of autism gene-environment interaction that encompasses the mother as a genetic/
epigenetic case as well as a fetal environmental factor. Inclusion of maternal genetic/
epigenetics in the autism gene-environment paradigm could provide new insights into the
etiology of this complex disorder.
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Figure 1.
Diagram of folate-dependent transsulfuration pathway indicating interaction of MTHFR
C677T, MTHFR A1298C, MTRR A66G and membrane transport function of RFC1 A80G.
The up-down arrows indicate the metabolite alterations observed among the autism mothers.
The inhibition of DNA methyltransferase by SAH is also diagrammed. Abbreviations: THF:
tetrahydrofolate; 5-CH3 THF: 5-methyltetrahyrdofolate; MTHFR: methylene tetrahydrofole
reductase; MS; methionine reductase; MTRR: methionine synthase reductase; RFC: reduced
folate carrier; SAM: S-adenosylmethionine; SAH: S-adenosylhomocysteine; SAHH: SAH
hydrolase; MTase:methyltransferase
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Figure 2.
Scatterplots showing the correlations between metabolites among the autism mothers. 2A:
Inverse correlation between plasma homocysteine and folate concentrations; 2B: Positive
correlation between SAH and homocsyteine; 2C: Positive correlation between SAH and
adenosine; 2D: Negative correlation between SAH and SAM/SAH ratio.
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Figure 3.
Scatterplots showing the relationship between the SAM/SAH ratio and DNA methylation by
RFC1 genotype. 3A: RFC1 wildtype AA; 3B: RFC1 heterozygous AG; 3C: RFC1
homozygous variant GG.

James et al. Page 17

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

James et al. Page 18

Table I

Primers and TaqMan allele-specific probes

Polymorphism 5’-3’ sequence

RFC-1 80G>A

Forward GGCCTGACCCCG AGCT

Reverse AGCCGTAGAAGCAAAGGTAGCA

G-Probe 1 VIC-CACGAG GCGCCGC

A-Probe 2 6FAM-CGAGGT GCCGCCAG

MTHFR C677T

Forward TGGCAGGTTACCCCAAAGG

Reverse CACAAAGCGGAAGAATGTGTCA

T- Probe 1 6FAM-TGATGAAATCGGCTCCCGCA-TAMRA

C- Probe 2 VIC-TGA TGATGAAATCGACTCCCGCA-TAMRA

MTHFR A1298C

Forward GGAGGAGCTGCTGAAGATGTG

Reverse CCCGAGAGGTAAAGAACAAAGACTT

A- Probe 1 VIC-ACCAGTGAAGAAAGTGT

C-Probe 2  6FAM-CAGTGAAGCAAGTGT

MTRR A66G

Forward AGCAGGGACAGGCAAAGG

Reverse AAGATCTGCAGAAAATCCATGTACCA

A-Probe 1 VIC-TTGCTCACATATTTCTT

G-Probe 2 6FAM-CTCACACATTTCTT

TCN2 C776G

Forward ACTCTATCACCAGTTCCTCATGACT

Reverse TTGAGACATGCTGTTCCCAGTT

C- Probe 1 VIC- CTGCCCCAGGCATG

G-Probe 2 6FAM- CTGCCCCACGCATG

Allelic discrimination was accomplished when fluorogenic probes with either a 6FAM or VIC reporter dye attached to the 5’ end of the
oligonucleotide was cleaved by the 5’ nuclease activity of Taq DNA polymerase.
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Table IV

Maximum likelihood ratio test based on log linear model

Genetic Relative Risk p-value 95% Confidence Interval

R1 (offspring inheriting 1 G allele) 1.23 0.12 0.942, 1.73

R2 (offspring inheriting 2 G alleles) 1.18 0.38 0.819, 1.70

S1 (mother carrying 1 G allele) 1.60 0.007 1.134, 2.26

S2 (mother carrying 2 G alleles 1.52 0.02 1.069, 2.15

Offspring Likelihood Ratio 2.71 0.25

Maternal Likelihood Ratio 7.76 0.02
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Table V

Transmethylation metabolites in Arkansas case and control mothers

Control Mothers (mean ± SD; n=80) Case Mothers (mean ± SD; n=57) p-value

Methionine 23.9 ± 4.5 20.9 ± 3.8 0.001

SAM 70.0 ± 12.6 68.7 ± 21.4 NS

SAH 23.9 ± 6.6 32.8 ± 9.9 0.001

SAM/SAH 3.2 ± 1.0 2.3 ± 1.2 0.01

Adenosine 0.27 ± 0.14 0.34 ± 0.17 0.01

Homocysteine 7.24 ± 1.3 9.11 ± 2.1 0.001

Methionine/Homocysteine ratio 3.4 ± 0.80 2.4 ± 0.58 0.001

Folate 17.4 ± 6.2 15.4 ± 3.9 0.05

B12 509 ± 294 449 ± 196 NS

NS: Not significant
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Table VI

Comparison of DNA methylation status between population-based NIMH respository controls and local
Arkansas autism mothers

Repository Controls (n = 60) Arkansas Autism Mothers (n = 57) p-value

% 5methylcytosine (mean ± SD) 4.74 ± 1.04 3.28 ± 0.75 < 0.001
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Table VII

Comparison of percent 5-methylcytosine in DNA by RFC1 genotype among Arkansas mothers and
population-based NIMH repository controls

% 5-methylcytosine (mean ± SD) RFC1 AA RFC1 AG RFC1 GG p-value

Arkansas cohort 3.51 ± 0.70 (n = 15) 3.32 ± 0.81 (n = 26) 2.97 ± 0.79 (n = 16) 0.04

Respository cohort 4.61 ± 1.22 ( n=40) 5.01 ± 0.71 (n=10) 4.87 ± 0.45 (n=10) NS

NS: Not Significant
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