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Abstract  
Background:  The majority of nonsyndromic congenital heart defects (CHDs) are 
caused by a complex interaction between maternal lifestyle factors and environmental 
exposures, and maternal and fetal genetic variants.  Maternal periconceptional intake of 
folic acid—containing vitamin supplements is reported to decrease the risk of CHDs.  
The 677 C>T and 1298 A>C polymorphisms in the methylenetetrahydrofolate reductase 
gene decrease enzyme activity.  
Methods:  We examined the relationship between CHDs and maternal and fetal 
MTHFR polymorphisms in 375 nuclear families.  The transmission/disequilibrium test 
was used to test for transmission distortion in complete triads.  A log-linear approach 
was used to test for associations between CHDs, and maternal and offspring 
polymorphisms, and to estimate independently contributions of maternal and fetal 
variants to relative risks.  Haplotype frequencies were estimated and a haplotype 
transmission disequilibrium test was performed. 
Results: The 1298C allele was transmitted less frequently than expected (p=0.0013).  
There was no distortion in the transmission of the 677T allele neither was there 
evidence of a parent-of-origin effect in the transmission of either of the SNPs.  The 
677C-1298C haplotype was also transmitted less frequently than expected (p=0.0020).  
The RR associated with inheriting one copy of the 1298C allele was 0.64 (95% CI: 0.48, 
0.87) and the RR associated with inheriting two copies of the 1298C allele was 0.38 
(95% CI: 0.21, 0.70).    
Conclusions:  We offer 4 alternative explanations that are consistent with the apparent 
protective effect of the fetal MTHFR 1298C allele.   
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 INTRODUCTION 

Congenital heart defects (CHDs) are the most common structural birth defect 
affecting approximately 8 to 10 out of every 1,000 live births. The etiology of 
nonsyndromic CHDs is complex, involving both genetic, epigenetic, and environmental 
risk factors. [1]  Periconceptional exposure to folic acid and folic acid—containing 
multivitamins may modulate the maternal risk of having a CHD-affected pregnancy. [2] 

It is widely accepted that the impact of folic acid intake on pregnancy outcome is 
modified by variants in both maternal and fetal genes that code for critical enzymes in 
the folate and homocysteine pathways. [3] The methylenetetrahydrofolate reductase 
(MTHFR NM 005957) gene encodes for the enzyme that catalyzes the conversion of 5, 
10-methylenetetrahydrofolate to 5-methytetrahydrofolate.  Two single nucleotide 
polymorphisms (SNPs), 677 C>T (rs1801133) and 1298 A>C (rs1801131), in MTHFR 
are associated with decreased enzyme activity. [4]    
 We conducted a case-parental analysis of children with CHDs and their parents 
ascertained through a population-based birth defect registry.  In the present study, we 
examined the independent and interactive impact of the maternal and fetal MHTFR 677 
C>T and 1298 A>C SNPs, and their haplotypes on the risk of CHDs.  
 
METHODS 
Study population 

The study population consisted of live born CHD cases and their parents.   Complete 
triads (case and both parents), and incomplete triads (case with only one participating 
parent) were included in the study.   Cases were identified and ascertained through the 
Arkansas Reproductive Health Monitoring System, a statewide birth defects registry.  
Inclusion criteria for cases were as follows: a) resident of Arkansas at the time of the 
completion of the index pregnancy and at the time of enrollment in the study; b) 
pregnancy ended with a live birth between March 1998 and August 2004; c) a physician 
diagnosis of a non-syndromic septal, conotruncal, or right or left-sided obstructive CHD 
that was confirmed by pre- or postnatal echocardiogram, surgery, and/or autopsy; d) 
English or Spanish speaking; and e) cases completed participation in the National Birth 
Defects Prevention Study (NBDPS). [5]  Infants with a known single gene disorder, 
chromosomal abnormality, or syndrome were excluded; only nonsyndromic CHDs were 
included in this study.  Further details regarding the NBDPS have been previously 
published. [5]    

After written consent was obtained, a blood or cheek cell sample was collected.   
The protocol and provisions for informed consent were reviewed and approved by the 
Institutional Review Board at the University of Arkansas for Medical Sciences. 
Maternal interview data 

Mothers of cases were interviewed when they participated in the NBDPS using a 
structured Computer Assisted Telephone Interview (CATI) that was specifically 
designed for this ongoing multi-site case-control study.  The ethnicity of the mother and 
the father, the maternal periconceptional smoking status, and the use of folic acid or 
folic acid—containing multivitamins were reported by the mothers.  

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.2005.032656 on 10 June 2005. D
ow

nloaded from
 

http://jmg.bmj.com/


 4

 
Genotyping  

Genomic DNA was extracted from lymphocytes in whole blood or from buccal 
cells from the cases using the Gentra Puregene protocol (Gentra Systems, Minneapolis, 
MN) and was stored at -20oC until genotyped.   The order of DNA samples in each plate 
and in each sample group (e.g., Caucasian controls) was fixed, and included both 
positive and negative controls. Genotyping assays were performed for MTHFR 1298 
A>C using Taqman Custom Genotyping assays from Applied Biosystems (ABI, Foster 
City, CA).  MTHFR 677C>T primers and probes were designed using Primer Express 
(ABI).  The primer sequences are as follows:  Forward: 5’ 
TGGCAGGTTACCCCAAAGG, Reverse: 5’ CAC AAAGCGGAAGAATGTGTCA, C-
probe: 5’ 6FAM-TGATGAAATCGGCTCCCGCA, T-probe: 5’ VIC- 
TGATGATGAAATCGACTCCCGCA.  The concentration of each primer and each probe 
were 900 nM and 200 nM respectively.   Thermal cycling conditions were 50oC for 2 min 
and 95oC for 10 min, followed by 40 cycles of 95oC for 15 sec and 62oC for 1 min.  The 
PCRs for all assays were performed on the ABI PRISM 7700 Sequence Detector or the 
ABI 7900HT Fast Real-Time PCR system (ABI).  A post-PCR plate read was performed 
for allelic discrimination, and both the real-time and allelic discrimination data were 
analyzed using the ABI Sequence Detection Systems (SDS2.2.1) software.   
 
Statistical Analysis  

Prior to data analysis, genotypic data was checked for Mendelian segregation 
errors. [6] Families with unresolved transmission errors were dropped from the analysis. 
CHD cases and their parents were tested independently for Hardy-Weinberg (HW) 
equilibrium using the exact test implemented in Stata’s GENHW command. [7] 
The transmission disequilibrium test (TDT) was used to test for allelic associations 
resulting from linkage disequilibrium between a CHD punitive disease locus and the 677 
C>T and 1298 A>C polymorphisms and also to test for parent-of-origin effects. [8] [9] 
Because the TDT is invalid when data from ambiguous parent-child dyads are excluded 
and only unambiguous parent-child dyads are included, [10]  only data from complete 
triads were analyzed. The TDT tests were carried out using the exact TDT implemented 
in the Stata program SYMMETRY. [11] 

To make use of data from all available families, including mother-child and father-
child dyads, the log-linear-based approach and expectation/maximization algorithm 
suggested by Weinberg et al. for the analysis of case-parental data was used to test for 
associations between CHD and the maternal and the offspring MTHFR polymorphisms, 
and to separately estimate the contributions to the overall genetic relative risks (RR) 
due to maternal and offspring genetic factors. [12] [13] [14]  Additionally, the log-linear 
model was used to estimate offspring and maternal RR assuming dominant and 
recessive models of inheritance. The log-linear analyses were carried out using the 
GENECMT program (http://www.biostat-resources.com/stata). 

Haplotype analysis was performed, using the TRANSMIT program version 2.5.4. 
[15]  TRANSMIT reconstructs haplotypes in the presence of ambiguous phase and 
missing parental genotype data using an expectation-maximization (EM) algorithm.  The 
program was used to test for haplotype transmission distortion and significance 
probabilities computed by bootstrap based on 10,000 replicates. The linkage 
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disequilibrium (LD) between the two MTHFR SNPs was estimated using Lewontin’s 
standardized disequilibrium coefficient D’ as implemented in the computer program 
GOLD. [16] [17]   
 
Results 
 A total of 375 case families were eligible for the study.  Ninety-two and a half 
percent of families (n=347) were successfully genotyped for MTHFR 677 C>T, 91.5% 
(n=343) were successfully genotyped for 1298 A>C, and 84.0% (n=315) were 
successfully genotyped for both SNPs (Table 1).     
 
Table 1.  Summary of the numbers of case-triads/dyads successfully genotyped for MTHFR 677 C>T 

and 1298 A>C polymorphism 
  MTHFR 677 C>T  MTHFR 1298 A>C  Both polymorphisms 

Complete trios  284  268  249 

Mother-child dyads  57  67  55 

Father-child dyads  6  8  11 

Total  347  343  315 

 
Based on the parents of the cases, the frequencies of the MTHFR 677T allele 

were 32.4% for Caucasians, 12.5% for African-Americans, and 40.9% for Hispanics.   
Similarly, allele frequencies for the MTHFR 1298C allele were 29.6 % for Caucasians,  
17.5% for African-Americans, and 16.7% for Hispanics.  The observed genotype counts 
did not deviate significantly from HW equilibrium. 
 

Genotype Frequencies 
The frequencies of each allele, individual genotype, and combined genotype 

assuming either a dominant or recessive mode of inheritance for CHD cases and their 
parents are presented in Table 2.  The 677T allele was present in approximately 30% of 
cases and their parents.  The homozygous 677 TT genotype was present in 10.4% of 
cases, 11.7% of their mothers, and 7.9% of their fathers.   Under a dominant model, 
51.3% of CHD cases had either the 677 CT or TT genotype, which approximated the 
frequency of these genotypes in their parents.  The 1298 C allele was present in 23.8% 
of CHD cases, 27.5% of mothers, and 28.6% of fathers.   A greater percentage of 
parents had the 1298 AC or CC genotype (47.2% of mothers and 47.1% of fathers) than 
children (40.8%).    
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Table 2.  Distribution of MTHFR alleles and genotypes among CHD 
    cases and their parents. 
  Cases Mothers Fathers 
677 C>T (N=347) (N=341) (N=290) 
677C 480 (69.2%) 470 (68.9%) 403 (69.5%) 
677T 214 (30.8%) 212 (31.1%) 177 (30.5%) 
677CC 169 (48.7%) 169 (49.6%) 136 (46.9%) 
677CT 142 (40.9%) 132 (38.7%) 131 (45.2%) 
677TT 36 (10.4%) 40 (11.7%) 23 (7.9%) 
677CT/677TT 178 (51.3%) 172 (50.4%) 154 (53.1%) 
677CC/677CT 311 (89.6%) 301 (88.3%) 267 (92.1%) 
    
1298 A>C (N=343) (N=335) (N=276) 
1298A 523 (76.2%) 486 (72.5%) 394 (71.4%) 
1298C 163 (23.8%) 184 (27.5%) 158 (28.6%) 
1298AA 203 (59.2%) 177 (52.8%) 146 (52.9%) 
1298AC 117 (34.1%) 132 (39.4%) 102 (37.0%) 
1298CC 23 (6.7%) 26 (7.8%) 28 (10.1%) 
1298AC/1298CC 140 (40.8%) 158 (47.2%) 130 (47.1%) 
1298AA/1298AC 320 (93.3%) 309 (92.2%) 248 (89.9%) 

 

Haplotype Frequencies 
The haplotype frequencies of the CHD cases and their parents are displayed in 

Table 3.   As expected, haplotype analyses indicated near-complete linkage 
disequilibrium between the MTHFR 677 and the 1298 locus (D’=0.985).  The most 
common haplotype among cases and their parents was the 677C-1298A.  Fewer cases 
(24.0%) had the 677C-1298C haplotype than either mothers (27.0%) or fathers (28.7%).   

 
Table 3. Estimated haplotype frequencies of the MTHFR 677 C>T and 1298 A>C single  
   nucleotide polymorphisms. 

Haplotype Cases (%) Mothers (%) Fathers (%) All 
677C – 1298A 44.6 41.9 40.7 42.0% 
677C – 1298C 24.0 27.0 28.7 25.5% 
677T – 1298A 31.2 31.1 30.3 30.9% 
677T – 1298C 0.3 0.0 0.3   1.6% 

 
Transmission Disequilibrium  

Table 4 presents the transmission of the 677T allele and the 1298C allele from 
heterozygous case parents to CHD-affected offspring. Of the 241 informative 
transmissions, there was no evidence of distortion of the 677T allele.  In contrast, 
among the 205 informative transmissions in cases, the 1298C allele was transmitted 
less frequently than would be expected based on a Mendelian inheritance (p=0.0013).    
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Table 4. Transmission of MTHFR variant alleles from heterozygous case parents to  
  CHD-affected offspring (TDT results using completed trios only). 

 

 

 
*241 informative transmissions.  

 **205 informative transmissions.  
 
The 677C-1298A haplotype was transmitted significantly more frequently than expected 
(p=0.0159).  In contrast, the 677C-1298C haplotype was transmitted significantly less 
frequently than expected (p=0.0020; Table 5).   
 
Table 5.  Haplotype frequencies and tests of association for haplotypes defined by the 

  Methylenetetrahydrofolate reductase gene variants 677C>T and 1298A>C 
Haplotype Estimated Haplotype 

Frequency (%) 
Observed Expected Var(O-E) χ2 (1df) p-value* 

677C-1298A 41.6 333.54 312.72 74.87 5.79 0.0159 
677C-1298C  27.7 183.78 208.32 62.90 9.57 0.0020 
677T-1298A 30.4 233.32 228.32 68.85 0.36 0.5365 
677T-1298C   0.4     1.35     2.64   0.98 1.69 0.1947 
Global chi-squared test, on 3 degrees of freedom = 12.17   p = 0.0079 
* Significant probabilities derived from the haplotype-based TDT (TRANSMIT) based on 10000 bootstrap 
samples and robust standard errors 
 

Impact of variant alleles on RR of CHDs 
Figure 1 shows the relative risks of CHDs associated with both the maternal and 

fetal variant of each of the two alleles.  The child’s 1298C allele was associated with a 
decreased risk of CHDs (LR p<0.001), and the protective effect appeared greater when 
the child inherited two copies of the variant allele compared to inheriting only one; the 
RR among offspring who inherited one copy of the 1298C allele was 0.64 (95% CI: 
0.48, 0.87) and for those inheriting two copies of the 1298C alleles the RR was 0.38 
(95% CI: 0.21, 0.70).   Neither the fetal MTHFR 677T allele, nor either of the mother’s 
variant alleles were significantly associated with the risk of CHDs.  
 
Interaction between genetic variants and folic acid 

We investigated the interaction between MTHFR 677 C>T and 1298 A>C, and 
periconceptional use of folic acid or folic acid— containing multivitamins.  The 
periconceptional period was defined as approximately one month prior to conception 
through the second month of pregnancy. Eighty-one percent of the mothers reported 
taking either folic acid or a folic acid— containing multivitamin during this time period. 
The effect of the variant allele was calculated separately for each stratum of 
periconceptional folic acid use, assuming a dominant effect of the variant allele and HW 
equilibrium. The relative risks associated with each maternal variant allele remained 
nonsignificant with point estimates near 1 for those who used folic acid 
periconceptionally and those who did not.  The apparent protective effect of the 1298C 
allele was similar between children whose mothers used folic acid periconceptionally 

Allele Transmitted (%) Not Transmitted (%) Exact 
p-value 

677T* 124 (51.5%) 117 (48.5%) 0.6992 
1298C ** 79 (38.5%) 126 (61.5%) 0.0013 
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(RR=0.62; 95% CI: 0.44, 0.86) and children whose mothers did not use folic acid 
(RR=0.64; 95% CI: 0.31, 1.33).  
 

DISCUSSION 

  In this population-based case-parental study, we examined the impact of two 
polymorphisms in the MTHFR gene that codes for a critical enzyme in the folate 
pathway.  The frequency of the genotypes and haplotypes in the parents in our sample 
are consistent with findings of other investigators. [18]   

We did not observe an effect of the MTHFR 677T allele on CHD frequency even 
after controlling for use of folic acid supplements.    Our study was performed after the 
introduction of folate-food fortification in the United States that resulted in a doubling of 
serum folate among women of childbearing age in the general population. [19] 
Increased homocysteine and decreased serum folate are most pronounced in 
individuals with the MTHFR TT genotype who have low folate intake. [20]  We cannot 
exclude a detrimental effect of the MTHFR 677 C>T polymorphism among women with 
low dietary folate intake.   

 Our results indicate that the MTHFR 1298C allele was transmitted to infants with 
CHD less frequently than would be expected based on independent segregation.  The 
677C-1298C haplotype was also transmitted less frequently than would be expected.  
The results of the log-linear analysis, which used data from all of the available families, 
were consistent with the results of the TDT and provide direct estimates of disease risk 
associated with allelic variants.  The estimated RR of CHDs was lower in children with 
one or two copies of the 1298C allele compared to children with the homozygous 
wildtype. 
 There are at least four possible interpretations of our findings.  First, the fetal 
1298C allele in each of these analyses appears to protect against CHDs.   Other case-
parental studies have examined the association between MTHFR 677 C>T and 1298 
A>C and orofacial clefts and neural tube defects (NTDs). [18] [21]  In two of these 
studies, one on NTDs, [21]  and one on orofacial clefts [18]  the 1298C appeared to 
have a protective effect.   Both groups of investigators explained these findings by 
noting the strong linkage disequilibrium between the 677T allele and the 1298A allele.  
Because the normal allele at one marker (1298A) almost always travels with the variant 
allele at the other marker (677T), the investigators of these two studies postulate that 
the adverse effect of the MTHFR 677T allele caused an apparent, but spurious, 
protective effect of 1298C. [18] [21].     

  We provide three alternative explanations for the observed protective effect of 
the MTHFR 1298C allele.   First, it is possible that the 1298  A>C polymorphism could 
be in linkage disequilibrium with another nearby, yet undetected, functional 
polymorphism in the MTHFR gene.  Second, as is the case for some cancers, the 
MTHFR 677T and 1298C alleles could be protective.  Multiple studies have 
demonstrated that the MTHFR 677T allele and the 1298C allele are associated with a 
decreased activity of the enzyme which results in more methylene-THF at the expense 
of methyl-THF. [22]   The MTHFR enzyme is at a metabolic branch point that directs 
folate either towards homocysteine remethylation of methionine at the expense of DNA 
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and RNA biosynthesis. [22]   Cancer researchers postulate that the protective effect of 
the MTHFR 677T allele is related to the abundant purines and pyrimidines available for 
DNA synthesis leading to error-free DNA synthesis. [23]  It is plausible that a decrease 
in fetal MTHFR activity associated with 1298C allele exerts a true protective effect 
during cardiogenesis when rapid cell proliferation and error-free DNA synthesis are 
critical.   It might be that the slightly lower activity associated with the C allele provides a 
better balance between methylation and DNA synthesis.  The protective effect may be 
even greater when folic acid is taken periconceptionally, because the additional folic 
acid protects maternal homocysteine remethylation of methionine while the fetal 1298C 
allele enhances error-free DNA synthesis.  

A third explanation for the apparent protective effect of the 1298C allele is 
selective survival of those with the 1298A allele.  The 1298C allele is more common in 
fetal tissue than in neonatal tissue. [24] Thus, it may be that our observation of a 
decreased transmission is an artifact due to decreased viability of fetuses with this 
variant allele.    

Further investigation using large scale population-based investigations of genetic 
variants and environmental modifiers that impact DNA synthesis and methylation is 
indicated.  Both DNA synthesis and methylation are essential for normal fetal growth 
and development. [25]  A microenvironment that provides the most favourable balance 
between DNA synthesis and cellular methylation would be expected to promote the 
most optimal fetal development and survival.   
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FIGURE LEGEND 

Figure 1.  Estimated relative risk of CHDs associated with the child (top panel) or 
mother (bottom panel) carrying zero, one or two copies of the variant allele (Results 
from log-linear model using all available families)  
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