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Abstract
Choline is an essential nutrient required for methyl group metabolism, but its role in carcinogenesis
and tumor progression is not well understood. By utilizing a population-based study of 1508 cases
and 1556 controls, we investigated the associations of dietary intake of choline and two related
micronutrients, methionine and betaine, and risk of breast cancer. The highest quintile of choline
consumption was associated with a lower risk of breast cancer [odds ratio (OR): 0.76; 95% confidence
interval (CI): 0.58−1.00] compared with the lowest quintile. Two putatively functional single
nucleotide polymorphisms of cholinemetabolizing genes, PEMT −774G>C (rs12325817) and
CHDH +432G>T (rs12676), were also found be related to breast cancer risk. Compared with the
PEMT GG genotype, the variant CC genotype was associated with an increased risk of breast cancer
(OR: 1.30; 95% CI: 1.01−1.67). The CHDH minor T allele was also associated with an increased
risk (OR: 1.19; 95% CI: 1.00−1.41) compared with the major G allele. The BHMT rs3733890
polymorphism was also examined but was found not to be associated with breast cancer risk. We
observed a significant interaction between dietary betaine intake and the PEMT rs7926
polymorphism (Pinteraction=0.04). Our findings suggest that choline metabolism may play an
important role in breast cancer etiology.—Xu, X., Gammon, M. D., Zeisel, S. H., Lee, Y. L., Wetmur,
J. G., Teitelbaum, S. L., Bradshaw, P. T., Neugut, A. I., Santella, R. M., Chen, J. Choline metabolism
and risk of breast cancer in a population-based study.
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METHYL FOLATE, METHIONINE, AND CHOLINE are the major sources of methyl groups in the human diet (1,2).
Metabolites of these micronutrients have an essential role in forming the universal methyl
donor S-adenosylmethionine (SAM). SAM donates its labile methyl group in more than 80
biological methylation reactions, including the methylation of DNA, RNA, and protein.

Folate-mediated one-carbon metabolism has been studied with respect to breast cancer in
several epidemiologic studies. Although not entirely consistent, both folate intake and genetic
variations in genes of one-carbon metabolism have been associated with risk of breast cancer
(3,4). We previously reported such relationships in the Long Island Breast Cancer Study Project
(LIBCSP) (5,6). We found an inverse association between B vitamin intake and breast cancer
risk among nonsupplement users. We also observed that a functional polymorphism, 677C>T
in methylenetetrahydrofolate reductase (MTHFR rs1801133), a key one-carbon-metabolizing
gene, was independently associated with an increased risk of breast cancer. Further, a
significant interaction between this polymorphism and folate intake was apparent.

Choline is necessary for the structure and function of all cells and is crucial for sustaining life
(7). It comes from diet or is synthesized de novo. Betaine (N,N,N-trimethylglycine) is the
substrate for betaine-homocysteine methyltransferase (BHMT), acting as a methyl donor for
methylating homocysteine. Betaine also can be obtained from food or from choline metabolism
in liver and kidney; the latter conversion is modulated by choline concentration (8). Methionine
is one of the essential dietary amino acids for humans and is the precursor for SAM. The tight
interrelationship among these dietary methyl sources makes it important to assess them together
when studying diet and its association with disease outcome (1).

Humans require additional choline from dietary sources besides the de novo synthesis in the
body. A wide range of foods, including meat (e.g., chicken and beef liver), dairy products
(e.g., eggs), vegetables (e.g., spinach), and baking products (e.g., wheat germ), are sources of
choline, methionine, and betaine in the human diet (9). However, daily requirements for some
of these nutrients are not well defined. Dietary deficiency of choline in humans results in fatty
liver, liver damage, and muscle damage (10,11). The most recent results from the Nurses’
Health Study showed that increasing choline intake was associated with an elevated risk of
colorectal adenoma, whereas an inverse relationship was observed for betaine intake (12);
moreover, total choline and betaine intake was inversely associated with total homocysteine
levels in the same population (13).

Key enzymes involved in this pathway (Fig. 1) are phosphatidylethanolamine N-
methyltransferase (PEMT), choline dehydrogenase (CHDH), and betaine-homocysteine
methyltransferase (BHMT). PEMT catalyzes the only reaction for de novo synthesis of choline
in the body via methylation of phosphatidylethanolamine to form phosphatidylcholine, using
SAM as the methyl donor. CHDH catalyzes the oxidation of choline to betaine via a betaine
aldehyde intermediate. BHMT catalyzes the synthesis of methionine from betaine and
homocysteine. Functional genetic variations exist in these genes in humans. A polymorphism
of the PEMT gene (rs7946) results in an amino acid substitution (V175M) and is associated
with diminished enzyme activity and may confer susceptibility to nonalcoholic fatty liver
disease (14). Women with genotypes CC or CG of another single nucleotide polymorphism
(SNP) in the 5′-untranslated region of PEMT, −744G>C (rs12325817) are more susceptible to
choline deficiency and to development of fatty liver compared with those with the GG genotype
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(15). Two SNPs in the coding region of the CHDH gene (+318A>C, rs9001 and +432G>T,
rs12676) have been shown to associate with altered susceptibility to choline deficiency (15).
BHMT has a nonsynonymous SNP (+742G>A, rs3733890) in its exon 6, and it has been
suggested that altered function of BHMT may result in elevated homocysteine levels (16).

Herein, we used the LIBCSP, a population-based case-control study, to investigate choline,
methionine, and betaine intake and putatively functional variations of genes of choline
metabolism, PEMT, CHDH, and BHMT, in relation to breast cancer risk.

MATERIALS AND METHODS
Study population

The main purpose of the LIBCSP was to investigate whether environmental factors,
specifically polycyclic aromatic hydro-carbons and organochlorine pesticides, were associated
with breast cancer risk. Details of the study design have been described in detail previously
(17–19). In brief, case participants were women residing in Nassau and Suffolk counties of
Long Island, New York, with newly diagnosed in situ or invasive breast cancer between August
1, 1996, and July 31, 1997. Community-based control participants were identified through
random-digit dialing for those younger than 65 yr and through the Center for Medicare and
Medicaid Services rosters for those 65 yr and older. Eligible controls were women who resided
in the same Long Island counties as the cases, but who had no personal history of breast cancer
and were frequency matched to the expected age distribution of case women by 5-yr age group.
Interview response rates among eligible case and control participants were 82.1% (n=1,508)
and 62.8% (n=1,556), respectively. Overall, 94% of the case participants and 93% of the control
participants were Caucasians and ranged in age from 20 to 98 yr.

Data collection
The case-control questionnaire was administered shortly after identification of eligible case
and control participants and assessed information on known and suspected risk factors for
breast cancer, including passive and active cigarette smoking, lifetime alcohol use, menstrual
and reproductive histories, exogenous hormone use, body size by decade of adult life, lifetime
participation in recreational activities, prior medical history, and family history of breast cancer
(http://epi.grants.cancer.gov/LIBCSP/projects/Questionnaire.html). In-person interviews
were completed for 82.1% of case participants (n=1508) and 62.8% of control participants
(n=1556). Ninety-eight percent of participants also completed a modified Block food frequency
questionnaire (FFQ), which assessed intake of more than 100 food items in the year before the
interview (19). The frequency and portion size data were translated to daily intakes of nutrients
from both dietary and supplement sources using the National Cancer Institute's Diet-Sys
version 3 for folate. A previously described protocol (9) and database from the U.S. Department
of Agriculture (http://www.nal.usda.gov/fnic/foodcomp/Data/Choline/Choline.html) were
used to assess intakes of choline, methionine, and betaine. Habitual use of multivitamin
supplements was also obtained from the FFQ. Among those who completed an interview, 2243
donated blood samples (1102 case and 1141 control participants) (17) and stored DNA samples
were available for 1065 case participants (70.6% of case group) and 1109 control participants
(71.3% of control group). As previously reported (17), an increased risk of breast cancer was
found to be associated with lower parity, late age at first birth, little or no breastfeeding, a
family history of breast cancer, and increasing income and education. Associations were similar
when the analyses were restricted to respondents who donated blood (17,18). The study
protocol was approved by the institutional review boards of the collaborating institutions.
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Genotyping
DNA was isolated from blood specimens using the methods described previously (18).
Genotyping of PEMT rs7946, CHDH rs12676, and CHDH rs9001 were performed using the
TaqMan 5′ allelic discrimination assay (Applied Biosystems, Foster City, CA, USA). The assay
identification numbers were C_9245965_10 for PEMT rs7946, C_7553898_10 for CHDH
rs12676, and C_7553897_10 for CHDH rs9001. Two probes for allelic discrimination were
labeled with fluorescent dyes VIC and 6-carboxyfluorescein, respectively. Polymerase chain
reactions (PCRs) were performed following the manufacturer's instruction. Genotyping of each
sample was automatically analyzed by SDS 2.0 software (Applied Biosystems) for allelic
discrimination. Blank (water) controls were included in each 384-well plate for quality control.

Genotyping of PEMT rs12325817 was performed by PCR-restriction fragment length
polymorphism (RFLP) using the following primers: forward, 5′-
ACTTCCTGGGTTGAAGCGATTCTC-3′; and reverse, 5′-
TTTATTCTCTGGCCGTGCCCAG-3′. The 224-bp PCR products were digested with BsmBI
(New England Biolabs Inc., Ipswich, MA, USA), thereby cutting the wild-type G allele into
two products of 132 and 92 bp. Products were size-fractionated on a 2.5% agarose gel and
visualized with ethidium bromide. The BHMT rs3733890 genotyping was performed at
BioServe Biotechnologies (Laurel, MD, USA) using high-throughput matrix-assisted laser
desorption/ionization time-of-flight as described elsewhere (6). To assure genotype accuracy,
∼200 randomly selected samples were regenotyped with a PCR-RFLP method for the
CHDH rs12676 polymorphism using the following primers: forward, 5′-
AGTCATCTCATTCCCCTCCGTGGATCAGA-3′; and reverse, 5′-
TAGCACCAGTTGTACCTGTCGTCGCACA-3′. The 370-bp PCR products were digested
with BssHII (New England Biolabs), thereby cutting the wild-type G allele into two products
of 281 and 89 bp.

The mean call rate was 98%; the main reason for unascertained genotypes was insufficient
DNA. For ∼10% of the study population, random duplicates were included as quality control
samples; the concordance rate was higher than 99% for all polymorphisms in this study. All
laboratory personnel were blinded to the case-control as well as quality control status of the
specimens.

Statistical analysis
Unconditional logistic regression was used to estimate odds ratios (ORs) and corresponding
95% confidence intervals (CIs) for the association between the dietary nutrient intake and
polymorphisms and breast cancer (20,21). Dietary nutrient intakes were categorized on the
basis of the distribution among the control participants. Age at reference (date of diagnosis for
case group and date of identification for control group) was included in all models as a
continuous variable. Energy intake (continuous) was included in models developed to evaluate
the effects of dietary intake. Tests for trend were undertaken by treating each categorized
variable as a continuous term and entering the variable into a logistic regression model. When
all three methyl-related nutrients were analyzed together, dietary methyl status was modeled
as a three-level categorical variable (low, intermediate, and high). Low methyl status was
defined as intakes below the median level among control participants for total folate, choline,
and methionine. High methyl status was defined as intakes at or above the median levels for
all three nutrients. The rest of the study population was considered as intermediate. Joint effects
of alcohol intake and choline, methionine, and betaine intake with respect to breast cancer risk
were also investigated.

Hardy-Weinberg equilibrium (HWE) was tested with the Pearson goodness-of-fit statistic
(22) for polymorphisms in the study to compare the observed and expected genotype
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frequencies among case and control participants, respectively. Dominant, recessive, and
additive models were examined to evaluate the associations between genetic polymorphisms
and breast cancer risk. Stratified analyses were performed with respect to multivitamin use
(yes/no), menopausal status (pre/postmenopausal), breast cancer type (invasive/in situ),
hormone replacement treatment (HRT) use (yes/no), and oral contraceptive (OC) use (yes/no).
Effect modification on the multiplicative scale for these variables was evaluated using the log
likelihood ratio test to compare the difference of log likelihood statistics for a model with or
without a cross-product term (21).

We evaluated age-adjusted models for potential confounders including family history of breast
cancer in a first-degree relative, history of benign breast disease, education, body mass index
(BMI) at age 20, BMI at diagnosis, alcohol drinking, parity, lactation history, use of
contraceptives, use of HRT, age at menarche, age at first birth, smoking status, mammography
history, and race. If adding a covariate to the logistic regression model changed the effect
estimate by 10% or more, the covariate was considered a confounder (20). None of the
covariates tested met this criterion; thus, only the results of the age-adjusted model are
presented.

Potential gene-environment interactions were tested on a multiplicative scale by performing
likelihood ratio tests to compare the difference of log likelihood statistics for a model with or
without a cross-product term for two main effect variables (21).

Linkage disequilibrium between two polymorphisms of the same gene was calculated as D′,
which ranges from 0 (no linkage disequilibrium) to 1 or −1 (complete linkage disequilibrium)
(23). The EH linkage utility program (http://www.genemapping.cn/eh.htm) (24) was used to
determine χ2 statistics and P values for tests of allelic association between polymorphic
markers.

All statistical analyses were performed using SAS (version 9.1; SAS Institute, Cary, NC, USA).

RESULTS
In our study population, the mean and median intakes were 326 and 321 mg/day for choline,
1.01 and 0.94 g/day for methionine, and 138 and 114 mg/day for betaine, respectively. Among
all control particpants in our study, the top five contributors of choline were coffee (42.5%),
eggs (9.5%), skim milk (5.6%), 2% milk (3.6%), and orange juice (3.3%). The top five
contributors of betaine were cooked spinach (23.7%), bran cereal (16.2%), spaghetti (11.4%),
dark bread (10.6%), and white bread (10.3%), whereas top sources of methionine were coffee
(15.8%), skim milk (8.8%), 2% milk (5.5%), fish other than tuna (5.2%), and tuna (5.1%). As
shown in Table 1, a reduced breast cancer risk was observed in the highest quintile of choline
consumption with borderline significance (OR: 0.76; 95% CI: 0.58−1.00). The inverse
associations between choline intake and breast cancer risk did not vary substantially with
menopausal status (pre- vs. postmenopausal) or cancer type (invasive vs. in situ) (data not
shown). Methionine and betaine intakes were not associated with breast cancer risk in our
analysis (Table 1). Because folate, methionine, and choline are tightly linked as methyl donors,
we further examined the three levels of overall dietary methyl status (described in the Materials
and Methods section) in relation to breast cancer risk; however, no significant associations
were observed (data not shown). Modification of the folate-breast cancer relationship by
alcohol intake has been reported previously (4). In this study, alcohol did not modify the risk
of breast cancer associated with choline, methionine, and betaine. No joint effect between
alcohol and any of the three nutrient intakes was observed with respect to breast cancer risk.

Table 2 summarizes the associations of breast cancer and five polymorphisms in three choline/
betaine-metabolizing genes. All genotype distributions were in agreement with HWE among
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controls except for the CHDH rs12676 polymorphism (PHWE=0.02). However, genotyping
results using two different methods were 100% in concordance for the randomly selected
∼200 samples. Two SNPs were independently associated with breast cancer risk in our study
population. The minor C allele of the PEMT rs12325817 polymorphism was associated with
increased breast cancer risk in a dose-dependent fashion (Ptrend=0.04) (Table 2). Compared
with individuals with the GG genotype, those with the CC genotype had an age-adjusted OR
of 1.30 (95% CI: 1.01−1.67). The minor T allele of the CHDH rs12676 polymorphism was
associated with an increased breast cancer risk. Compared with the GG genotype, T allele
carriers have 19% increased risk (95% CI: 1.00−1.41). However, when the GT and TT
genotypes were analyzed separately, a significant association was only observed for the GT
heterozygous group (Table 2). The BHMT rs3733890 polymorphism has been reported
previously in this population, and it was not associated with breast cancer risk (6). We also
examined the gene-cancer relationship stratified by multivitamin use (yes vs. no), menopausal
status (pre- vs. postmenopausal), and cancer type (invasive vs. in situ). Comparable results
were observed (data not shown).

Because the PEMT rs12325817 (−774G>C) SNP is in the promoter region, which has an
estrogen response element (25), this SNP may alter estrogen responsiveness (15). We explored
whether the association of this SNP and breast cancer risk was modified by exogenous hormone
use. When stratified by use of HRT, the PEMT polymorphism was associated with breast cancer
risk only among HRT users (Ptrend=0.04). Compared with individuals with the GG genotype,
those with the GC or GG genotype had an age-adjusted OR of 1.41 (95% CI: 0.97−2.04) or
1.56 (95% CI: 0.99−2.46), respectively. The effect of this polymorphism did not differ by the
use of OCs.

A high degree of linkage disequilibrium was observed between the CHDH rs12676 and rs9001
polymorphisms (D′=−0.98, P<0.001). The negative sign of the D′ indicates that G the alleles
of rs12676 and the C allele of rs9001 were linked. The two PEMT polymorphisms were
partially linked (D′=−0.47, P<0.001). When combined genotypes were examined, none of the
combined genotypes were significantly associated with breast cancer risk (data not shown).

We examined the gene-environment interactions between each of the five SNPs and choline/
methionine/betaine intake in relation to breast cancer (Table 3). Among all combinations, only
the interaction between PEMT rs7946 and betaine intake was significant (Pinteraction=0.04).
An almost 2-fold increase of risk was observed among women with the variant genotype and
lowest betaine intake (OR: 1.90; 95% CI: 1.14−3.16).

DISCUSSION
Our examination of a population-based sample of case and control participants of the LIBSCP
revealed that breast cancer risk was reduced 24% among women with a high dietary intake of
choline and was increased 30% among women homozygous for the minor allele of PEMT
rs12325817, a gene of choline metabolism. We also noted a significant interaction between
betaine intake and the PEMT rs7946 polymorphism. To the best of our knowledge, this is the
first study on choline metabolism and breast cancer. The population-based study design, in
which cases encompassed a broad range of ages and were drawn from a defined geographic
area, yields results that are more generalizable than a series of cases from a narrow age range
or from a single institution. In addition, the relatively large sample size allows multiple risk
factors to be taken into consideration in studying associations, with the ability to conduct
stratified analyses and adjustment in multivariate models.

Choline is an essential nutrient required for one-carbon metabolism, structural integrity and
signaling functions of cell membranes, and neurotransmitter synthesis (7). Cancers usually

Xu et al. Page 6

FASEB J. Author manuscript; available in PMC 2008 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exhibit a significantly altered choline phospholipid metabolite profile that is characterized by
elevations of phosphocholine and total choline-containing compounds compared with those in
normal tissues (26,27). Although animal studies have implied a causal relationship between
choline deficiency and carcinogenesis (28,29), its role in human carcinogenesis is not clear.

In a case-control study conducted by the March of Dimes in Berkley, California, low dietary
intake of choline in pregnant women significantly increased neural tube and oral cleft defects
in babies (30,31). This population-based study (∼800 subjects) complements smaller clinical
studies in which 60 or so subjects developed organ dysfunction when deprived of choline
(32). The lack of additional studies may be due in part to the fact that a food composition
database for choline and betaine has not been available until recently (9). The general intake
level of choline of the U.S. population is not known, and only adequate intakes of ∼550 mg/
day for men and ∼425 mg/day for women have been estimated (33). Two recent
epidemiological studies examined choline and betaine intake at the population level. One is
the Nurses’ Health Study, in which the median intakes of total choline and of betaine were 323
and 189 mg/day, respectively (12,13). The other is the European Prospective Investigation into
Cancer and Nutrition (EPIC) study, in which the mean choline intake was 300 mg/day and
mean betaine intake was 214 mg/day (34).

We previously reported on folate-mediated one-carbon metabolism in relation to breast cancer
risk in this population (5,6). The pathways of choline and one-carbon metabolism intersect at
the formation of methionine from homocysteine, which makes choline and folate metabolism
closely interrelated. Folate mediates the generation of methionine from homocysteine using 5-
methyltetrahydrofolate, which is derived de novo from the one-carbon pool; alternatively, a
methyl group from choline, via the intermediate betaine, can be used for the methylation of
homocysteine. SAM is formed from methionine catalyzed by methionine adenosyltransferase
(Fig. 1). Our current analysis suggests an inverse association between choline intake and breast
cancer risk. Lower choline availability may tilt the SAM pool balance and consequently induce
aberrant DNA methylation. Animal studies have suggested that choline deficiency has cancer-
initiating and cancer-promoting activities, given the fact that choline-deficient rats had a higher
incidence of spontaneous hepatocarcinoma and were more sensitive to carcinogens (28).
Aberrant DNA methylation may be the underlying mechanism, as rats with a choline-deficient
diet have hypomethylation of CpG sites of c-myc along with overexpression of this gene
(29). Results from the Nurses’ Health Study showed that higher choline intake was associated
with an elevated risk of colorectal adenoma (12), and the positive association persisted after
adjustment for multiple dietary factors and when assessed for different sizes and sites of the
adenoma. The different relation between choline intake and disease outcome could be due to
the different etiology of breast cancer and colorectal adenoma.

We found that one SNP (rs12325817) of PEMT was associated with an increased breast cancer
risk in our study population. PEMT is responsible for endogenous biosynthesis of the choline
moiety and this activity is increased by estrogen treatment (25). The rs12325817 (−774G>C)
SNP resides in the promoter region of PEMT, which was proposed to have an estrogen response
element. Thus, this SNP may alter estrogen responsiveness of the promoter (15). This
mechanism was supported by our observation that a stronger PEMT-breast cancer relationship
was observed among HRT users.

We also observed that carriers of the minor T allele of the CHDH rs12676 (+432G>T) SNP
had a modest increase in breast cancer risk. CHDH converts choline to betaine aldehyde, which
is then oxidized to betaine, a methyl donor for homocysteine. A previous study showed that
this SNP was associated with increased susceptibility to choline deficiency (15). This SNP
produces an amino acid substitution that could alter the enzyme activity and consequently affect
the methyl moiety availability for the methylation reaction. However, we should interpret this
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finding with caution as the genotype distribution in our control group was not in agreement
with HWE, even though we have excluded genotyping error as an underlying cause.

Although neither PEMT rs7946 nor betaine intake was independently related to breast cancer
risk in this study population, a significant gene-environmental interaction was found. Women
carrying the variant allele with low betaine intake have an ∼2-fold increased risk. The
underlying mechanism is not clear. If this finding is substantiated, it implies that the effect of
genotype could be modified by lifestyle such as dietary intake. The genetic effect is only
obvious when the betaine intake is suboptimal (low). However, such an observation could be
a chance finding. We should interpret the result with caution, and replication from other large
studies is warranted.

We did not measure choline or betaine levels in peripheral blood. Such measurements, although
biologically relevant, may only reflect short-term dietary intake and do not accurately reflect
long-term exposure (35). For this reason estimates based on a FFQ were considered to be the
best estimates of dietary intake of choline and betaine. A potential limitation of the Block FFQ
used in our study is its lack of complete assessment of commonly consumed products that are
choline-rich. The current nutrient databases for choline and betaine are limited but suitable for
FFQ diet intake analyses. One study showed that a 3-day food record underestimated choline
intake by 25% compared with direct measurements from food intake (36). It is likely that FFQ
estimates were similarly low. However, the ranking of intakes was unlikely to change between
methods of assessment as the Block FFQ was shown to be a valid and reliable dietary
assessment tool for estimating usual food intake and ranking individuals into categories of
intake of micronutrients (37,38). Future studies should incorporate newly developed and
commonly consumed choline-rich products in the FFQs or other dietary history assessment
tools to enhance coverage.

In summary, we found that dietary choline intake was inversely associated with breast cancer
risk. Two SNPs of PEMT and CHDH were also associated with breast cancer risk. Results
from our study indicate that choline metabolism may play an important role in breast cancer
etiology, and further investigation is needed to clarify the underlining mechanisms.
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Figure 1.
Schematic illustration for choline metabolism. Folate, choline, and methionine metabolism
interact at the point at which homocysteine (Hcy) is converted to methionine. Folate mediates
the generation of methionine using the methyl group, i.e., 5-methyltetrahydrofolate (5-mTHF),
which is derived de novo from the one-carbon pool; alternatively, the methyl group of choline
can be made available on conversion to betaine for the methylation of homocysteine. CHDH
converts choline to betaine aldehyde, which can then be oxidized in the mitochondria or
cytoplasm to betaine. BHMT catalyzes the methylation of homocysteine, using betaine as the
methyl donor. SAM is converted following the regeneration of methionine by methionine
adenosyltransferase (MAT). THF, tetrahydrofolate; MS, methionine synthase; SAH, S-
adenosyl-L-homocysteine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PLD,
phospholipase D; SAHH, S-adenosyl homocysteine hydrolase; BADH, betaine aldehyde
dehydrogenase; DMG, N,N-dimethylglycine; CBS, cystathionine β-synthase.
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TABLE 3
Interactions of PEMT rs7946 and betaine intake in relation to breast cancer risk

Betaine intake

PEMT rs7946 High Medium Low

TT
    Case/control 149/163 152/168 151/147
    OR (95% CI)a 1.00 (ref.) 1.00 (0.73−1.36) 1.11 (0.81−1.53)
TC
    Case/control 163/150 130/143 140/162
    OR (95% CI)a 1.22 (0.89−1.67) 0.99 (0.72−1.38) 0.94 (0.68−1.29)
CC
    Case/control 45/46 34/51 50/30
    OR (95% CI)a 1.09 (0.68−1.75) 0.76 (0.47−1.25) 1.90 (1.14−3.16)*

a
Unconditional logistic regression adjusted for age. P = 0.04 for multiplicative interaction;

*
P < 0.05.
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