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Abstract
Background: Posttranslational histone modiﬁcations (PTHMs)
are altered by arsenic, an environmental carcinogen. PTHMs are
also inﬂuenced by nutritional methyl donors involved in onecarbon metabolism (OCM), which may protect against epigenetic
dysregulation.
Methods: We measured global levels of three PTHMs, which are
dysregulated in cancers (H3K36me2, H3K36me3, H3K79me2),
in peripheral blood mononuclear cells (PBMC) from 324 participants enrolled in the Folic Acid and Creatine Trial, a randomized
trial in arsenic-exposed Bangladeshi adults. Sex-speciﬁc associations between several blood OCM indices (folate, vitamin B12,
choline, betaine, homocysteine) and PTHMs were examined at
baseline using regression models, adjusted for multiple tests by
controlling for the false discovery rate (PFDR). We also evaluated
the effects of folic acid supplementation (400 mg/d for 12 weeks),
compared with placebo, on PTHMs.

Results: Associations between choline and H3K36me2 and
between vitamin B12 and H3K79me2 differed signiﬁcantly by sex
(Pdiff < 0.01 and <0.05, respectively). Among men, plasma choline
was positively associated with H3K36me2 (PFDR < 0.05), and
among women, plasma vitamin B12 was positively associated
with H3K79me2 (PFDR < 0.01). Folic acid supplementation did
not alter any of the PTHMs examined (PFDR ¼ 0.80).
Conclusions: OCM indices may inﬂuence PTHMs in a sexdependent manner, and folic acid supplementation, at this dose
and duration, does not alter PTHMs in PBMCs.
Impact: This is the ﬁrst study to examine the inﬂuences of OCM
indices on PTHMs in a population that may have increased
susceptibility to cancer development due to widespread exposure
to arsenic-contaminated drinking water and a high prevalence
of hyperhomocysteinemia. Cancer Epidemiol Biomarkers Prev; 26(2);

Introduction

involves the remethylation of homocysteine to methionine,
which requires nutritional methyl donors and cofactors, such as
folate, vitamin B12, choline, and betaine. There are important sex
differences in the OCM pathway. For example, plasma homocysteine concentrations are higher in men, and there is evidence that
this may be due to both higher methyl demand for creatine
synthesis as a result of greater muscle mass (2) and also lower
remethylation and transmethylation rates among men (3). Circulating concentrations of folate, vitamin B12, and choline also
differ by sex (4, 5).
Hyperhomocysteinemia and insufﬁcient intake of nutritional
methyl donors have been implicated in the development of
human cancers (6). This may be mediated by alterations in
epigenetic modiﬁcations (7, 8), including PTHMs (9, 10). Nutritional methyl donors have also been shown to modify, or buffer
against, epigenetic dysregulation caused by environmental toxicants. For example, mice exposed in utero to the endocrine
disruptor bisphenol A have reduced levels of DNA methylation
in several tissues, but this can be prevented with maternal supplementation with folic acid (FA), vitamin B12, choline, and
betaine (11). Similarly, Bangladeshi adults exposed chronically
to arsenic, a human carcinogen, have higher global levels of DNA
methylation in leukocytes but only in those who are folate

DNA methyltransferases and lysine histone methyltransferases
depend on methyl donations from S-adenosylmethionine (SAM;
ref. 1). Synthesis of SAM via one-carbon metabolism (OCM)
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Figure 1.
FACT design and sampling for current study. A, Participants selected for cross-sectional analyses. Baseline-collected samples from 324 FACT participants
were included in cross-sectional analyses for the current study. All participants from the placebo and 400 mg FA/d treatment arms who had complete information for
predictors (OCM indices), PTHMs, and potential confounders were included in these analyses (n ¼ 75 for placebo group, n ¼ 121 for 400 mg FA/d group); an
additional 128 participants with complete information for all relevant variables were randomly selected from the remaining three treatment arms. The
distribution of these participants is shown by treatment arm. B, Participants selected for examination of folic acid treatment effects. Participants with at least
one PTHM measure at both time points of interest (i.e., baseline and week 12) were included in analyses examining the effect of 400 mg FA/d (n ¼ 107) versus
placebo (n ¼ 60) on PTHMs.

sufﬁcient (plasma folate > 9 nmol/L), which may be a protective
compensatory mechanism (12). Concurrent exposure to arsenic
and a methyl deﬁcient diet also alters global DNA methylation in
the mouse liver in a sex-dependent manner (13). We, and others,
have previously observed sex-speciﬁc effects of arsenic exposure
on global levels of DNA methylation and PTHMs in human
populations (14–17). However, the relationships between OCM
indices and PTHMs, and potential differences by sex, have not
been investigated. We therefore examined this in a population in
Bangladesh that may have increased susceptibility to cancer
development due to a high prevalence of hyperhomocysteinemia
and widespread exposure to arsenic-contaminated drinking
water. We also examined the effect of folic acid supplementation
(400 mg/d for 12 weeks) on PTHMs. We selected 3 PTHMs
[histone H3 lysine 36 di- and trimethylation (H3K36me2 and
H3K36me3, respectively), and histone H3 lysine 79 dimethylation (H3K79me2)], which are dysregulated in several types of
cancer (18–23) and are altered by arsenic and/or nutritional
methyl donors in experimental models (24–27). PTHMs were
measured in peripheral blood mononuclear cells (PBMC) collected from participants in the Folic Acid and Creatine Trial
(FACT). FACT is a randomized clinical trial that was originally
designed to examine whether folic acid and/or creatine supplementation can be used as therapeutic approaches to reduce blood
arsenic concentrations; the primary ﬁndings of this trial have been
published (28).

Materials and Methods
Region and participants
Participants for the FACT study were recruited from the Health
Effects of Arsenic Longitudinal Study, a prospective cohort that
initially recruited 11,746 adults living in a 25-km2 region in
Araihazar, Bangladesh (29). FACT is a double-blind, randomized,
placebo-controlled trial (28). FACT participants were between the
ages of 20 and 65 years and had been drinking from household
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wells with water arsenic  50 mg/L, the Bangladesh standard for
safe drinking water. Exclusion criteria included pregnancy, nutritional supplement use, and known health problems, including
cancers. Informed consent was obtained by Bangladeshi ﬁeld staff
physicians, and this study was approved by the Institutional
Review Board of Columbia University Medical Center and the
Bangladesh Medical Research Council.
Study design
As described previously (28), FACT participants (n ¼ 622)
were randomized to 1 of 5 treatment arms: placebo (n ¼ 104),
400 mg FA/d (n ¼ 156), 800 mg FA/d (n ¼ 154), 3 g creatine/d (n ¼
104), and 3 g creatine þ 400 mg FA/d (n ¼ 104; Fig. 1). Because of
ethical considerations, all participants received arsenic-removal
water ﬁlters (READ-F ﬁlter, Brota Services International) at
baseline.
Whole blood samples were collected from participants at
baseline, week 12, and week 24; sample collection and handling have been described previously (14, 28). For the current
study, we used histones isolated from baseline-collected
PBMCs. We selected a subset of participants who had necessary
biologic samples and complete data for relevant covariates;
speciﬁcally, we included all participants in the placebo (n ¼ 75)
and 400 mg folic acid group (n ¼ 121) and an additional 128
participants, who were randomly selected from the other 3
treatment arms (total n ¼ 324). We also used available PBMCs
collected at week 12 from participants in the placebo (n ¼ 60)
and 400 mg folic acid (n ¼ 107) treatment arms (Fig. 1). We
evaluated folic acid treatment effects from baseline to week 12,
rather than from baseline to week 24, because (i) we had a
larger number of PBMC samples available at week 12 and (ii)
half of the participants in each folic acid treatment arm were
switched to placebo at week 12, so our sample size and
statistical power for week 24 analyses would have been further
reduced. The 400 mg folic acid dose was selected on the basis of
the U.S. recommended dietary allowance for adults (30).
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Folate and vitamin B12
Plasma folate and vitamin B12 were measured by radio-proteinbinding assay (SimulTRAC-SNB, MP Biomedicals). The intra- and
interassay coefﬁcient of variation (CV) were 5% and 13%, respectively, for folate and 6% and 17%, respectively, for vitamin B12.
Folate in whole blood hemolysate was also measured by radioprotein-binding assay (SimulTRAC-S, MP Biomedicals) in participants from the placebo, 400 mg FA/d, and 800 mg FA/d treatment
arms, as described previously (28); red blood cell (RBC) folate
was calculated by dividing these measures by (%hematocrit/
100). The intra- and interassay CVs for RBC folate were 4% and
9%, respectively.
Plasma choline and betaine
Plasma choline and betaine concentrations were measured by
LC-MS/MS, using the method of Holm and colleagues (31), with
some modiﬁcations, as described previously (32). The intraand interassay CVs for plasma choline were 2.2% and 5.8%,
respectively, and were 2.5% and 5.6%, respectively, for plasma
betaine.
Plasma homocysteine
Plasma total homocysteine was measured by high-performance
liquid chromatography (HPLC) with ﬂuorescence detection,
based on a method described by Pfeiffer and colleagues (33).
The intra- and interassay CVs were 5% and 7%, respectively.
Blood arsenic and selenium
Total blood arsenic and selenium (bSe) concentrations are
routinely measured simultaneously, using a Perkin-Elmer Elan
DRC II ICP-MS equipped with an AS10þ autosampler based on a
previously described method (34). The intra- and interassay CVs
for arsenic were 2.7% and 5.7%, respectively, and were 1.5% and
4.6%, respectively, for bSe.
Urinary creatinine
Urinary creatinine (uCr) was measured by a method on the
basis of the Jaffe reaction (35), and the intra- and interassay CVs
were 1.3% and 2.9%, respectively.
Histone isolation
Histones were isolated from PBMCs by acid extraction, as
described previously (14, 15). Isolated histones were diluted in
4 mol/L urea, and aliquots were stored at 80 C.
H3K36me2, H3K36me3, H3K79me2
Although we previously identiﬁed a speciﬁc cleavage product of
histone H3, which interferes with the measurement of downstream PTHMs, H3K36me2, H3K36me3, and H3K79me2 are not
impacted by H3 cleavage (36). These PTHMs were measured by
sandwich ELISA, as described previously (15). Samples were run
in duplicate. The intra- and interassay CVs, respectively, for each
ELISA method were as follows: H3K36me2: 3.4% and 9.6%,
H3K36me3: 4.9% and 11.9%, and H3K79me2: 7.1% and
7.0%. Because there were limited histone aliquots for the ﬁnal
assays and because samples with poor reproducibility (intra-assay
CV > 15%) were excluded, ﬁnal sample sizes for H3K36me2 (n ¼
318) and H3K36me3 (n ¼ 306) were smaller than the ﬁnal
sample size for H3K79me2 (n ¼ 321).
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Statistical methods
Differences in continuous and categorical variables between
men and women and between participants with and without
PTHM measures, or with and without RBC folate measures,
were assessed using Wilcoxon rank-sum and c2 tests, respectively. Transformations were applied to variables with skewed
distributions to stabilize variances for parametric model
assumptions and to reduce the inﬂuence of extreme values.
Natural log-transformations were applied to H3K36me3,
H3K79me2, bSe, RBC folate, and plasma folate, choline, betaine, vitamin B12, and homocysteine. An inverse transformation
(1/x) was applied to H3K36me2.
Because of the distribution of H3K36me2, a generalized
linear model with an inverse-link function (which effectively
back-transforms the regression coefﬁcient) was used to examine
associations between the ln-transformed OCM indices and the
harmonic mean of H3K36me2. Linear models were used to
examine associations between ln-transformed OCM indices
and ln-H3K36me3 and ln-H3K79me2. Plasma folate, choline,
betaine, vitamin B12, and homocysteine were included simultaneously in models. Alternative models replacing plasma
folate with RBC folate were applied to the subset of participants
with RBC folate measures (n ¼ 250). Models were run separately by sex. The Wald test was used to detect differences by sex
(37). Models were additionally adjusted for hypothesized confounders of the relationships between OCM indices and
PTHMs, and any variables that were associated with PTHMs
in bivariate analyses: age, education, TV ownership (an indicator of socioeconomic status in this population), ln-bSe, and
cigarette smoking (for analyses of H3K36me3 and H3K79me2
in men) were included as covariates in ﬁnal models; bSe was
considered as a potential confounder because selenium is
known to inﬂuence the OCM pathway (38) and has also been
shown to alter epigenetic marks, including PTHMs (39). Models did not adjust for alcohol consumption because alcohol use
is very rare in Bangladesh (40). All covariates were included as
continuous variables, except for TV ownership, cigarette smoking status, and education; the latter was included as a binary
variable (education > 5 years vs. 5 years) because many
participants had few years of education. In sensitivity analyses,
we also examined models (i) that were additionally adjusted
for ln–body mass index (BMI) and ln-transformed arsenic
measures, (ii) that evaluated OCM indices individually, and
(iii) that were stratiﬁed by median age or blood arsenic concentration. Because we present multiple tests examining associations between OCM indices and PTHMs by sex, P values were
adjusted for multiple tests by controlling for the false discovery
rate (PFDR).
The difference in the within-person change for each PTHM
between the 2 treatment arms (400 mg folic acid vs. placebo) was
examined using the Wilcoxon rank-sum test. In exploratory analyses, we also investigated potential differences in the effects of
folic acid on PTHMs separately by sex. In secondary analyses, we
additionally evaluated whether the change in each OCM index
from baseline to week 12 was associated with a signiﬁcant change
in each PTHM during the same time period. To meet assumptions
of linear regression models, the change in the ln-OCM index was
examined in relation to the change in the ln-PTHM.
The signiﬁcance level was set at 0.05 for all statistical tests.
Analyses were conducted using SAS (version 9.3) and R (version
3.1.3).
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Table 1. General baseline characteristics by sex for FACT participants with PTHM measures
All participants (N ¼ 324)
Males (n ¼ 162)
Characteristic
Median (IQR)
Median (IQR)
Age, y
39 (34–44)
42 (36–46)
BMI,b kg/m2
19.2 (17.7–21.3)
18.7 (17.7–20.3)
Blood arsenic, mg/L
8.7 (6.0–12.4)
9.5 (6.5–12.4)
bSe, mg/L
134 (122–149)
135 (123–151)
c
451 (363–603)
434 (362–572)
RBC folate, nmol/L
Plasma folate, nmol/L
12 (9–17)
12 (8–16)
Plasma vitamin B12, pmol/L
215 (153–319)
217 (154–296)
Plasma choline, mmol/L
11.0 (9.8–13.1)
11.9 (10.4–13.3)
Plasma betaine, mmol/L
42.8 (33.9–52.0)
47.0 (40.2–57.5)
Plasma Hcys, mmol/L
11.4 (8.8–15.5)
14.2 (11.1–17.4)
H3K36me2,d relative % of total H3
1.44 (1.26–1.72)
1.45 (1.26–1.76)
H3K36me3,e relative % of total H3
1.61 (1.32–1.88)
1.56 (1.26–1.84)
f
1.27 (1.03–1.76)
1.26 (1.05–1.74)
H3K79me2, relative % of total H3
g
Folate deﬁcient, %
23.2
28.4
Vitamin B12 deﬁcient,h %
24.4
24.1
40.7
62.4
HHcys,i %
Ever smoked cigarette, %
28.8
56.2
Ever used betel nut, %
26.9
29.0
Education > 5 y, %
22.5
21.0
Own TV, %
38.3
32.7

Females (n ¼ 162)
Median (IQR)
37 (31–42)
20.0 (17.9–22.5)
7.9 (5.3–12.4)
132 (120–146)
461 (364–607)
13 (10–18)
213 (153–338)
10.7 (9.0–12.4)
37.3 (28.9–44.9)
9.3 (7.4–12.0)
1.43 (1.26–1.70)
1.63 (1.37–1.94)
1.29 (1.01–1.85)
17.9
24.7
19.1
1.2
24.8
24.1
43.8

Pa
<0.01
<0.01
0.04
0.16
0.34
0.10
0.49
<0.01
<0.01
<0.01
0.66
0.10
0.96
0.03
0.90
<0.01
<0.01j
0.40
0.51
0.04

Abbreviations: HCys, homocysteine; HHCys, hyperhomocysteinemia; IQR, interquartile range.
a
P was from Wilcoxon rank-sum test and c2 test for sex difference for continuous and categorical variables, respectively.
b
Whole sample, n ¼ 315; men, n ¼ 160; women, n ¼ 155.
c
Whole sample, n ¼ 250; men, n ¼ 125; women, n ¼ 125.
d
Whole sample, n ¼ 318; men, n ¼ 159; women, n ¼ 159.
e
Whole sample, n ¼ 306; men, n ¼ 154; women, n ¼ 152.
f
Whole sample, n ¼ 321; men, n ¼ 162; women, n ¼ 159.
g
Plasma folate < 9 nmol/L.
h
Plasma vitamin B12 < 151 pmol/L.
i
Plasma Hcys  13 mmol/L.
j
P was from Fisher exact test, as there were only 2 female smokers.

Results
General characteristics, nutritional indices, and PTHMs
General characteristics of the study participants have been described previously (29) and are presented separately by sex in Table
1 and by sex and treatment arm in Table 2. Participants were
between 24 and 54 years old with a median BMI of 19.2 kg/m2.
Median plasma choline and betaine concentrations were 11.0 and
42.8 mmol/L, respectively. Approximately, 23% of participants were
folate-deﬁcient (plasma folate < 9 nmol/L; ref. 38) and 24% were
vitamin B12–deﬁcient (plasma vitamin B12 < 151 pmol/L; ref. 38).
The prevalence of hyperhomocysteinemia (plasma homocysteine
 13 mmol/L) was 40.7%. Compared with women, men were
generally older; were less likely to own a TV; had lower BMIs; had
higher bAs, choline, betaine, and homocysteine concentrations;
and were more likely to be folate-deﬁcient and to have hyperhomocysteinemia. Men were also much more likely to have eversmoked cigarettes. Baseline measures of PTHMs did not differ
signiﬁcantly between men and women.
For most characteristics, study participants with PTHM measures were comparable to the rest of the FACT participants,
although this subset of participants had signiﬁcantly lower plasma folate and choline concentrations, were more likely to be
folate deﬁcient, and were more likely to own TVs (Supplementary
Table S1). The subset of participants with RBC folate measures
had lower plasma vitamin B12 concentrations and uCr concentrations and were more likely to own TVs but were otherwise
comparable to FACT participants without RBC folate measures
(Supplementary Table S2).
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Sex-speciﬁc associations between OCM indices and PTHMs
Sex-speciﬁc associations between OCM indices and PTHMs are
shown in Fig. 2. Alternative models, which replaced plasma folate
with RBC folate, are shown in Supplementary Fig. S1. Plasma
betaine was excluded from ﬁnal models, as it was not associated
with any of the PTHMs in men or women after adjusting for
plasma choline, and its addition to models did not alter coefﬁcients for any of the other OCM indices.
H3K36me2. Although ln-RBC folate was negatively associated
with H3K36me2 among men [b ¼ 0.23; 95% conﬁdence
interval (CI), 0.41–0.05], this was not statistically signiﬁcant
after adjusting for multiple tests (PFDR ¼ 0.07). The associations
between ln-choline and H3K36me2 differed signiﬁcantly
between men and women (Pdiff < 0.01), with ln-choline being
positively associated with H3K36me2 among men (b ¼ 0.39;
95% CI, 0.11–0.66; PFDR ¼ 0.03) but not women (b ¼ 0.11; 95%
CI, 0.36–0.14; PFDR ¼ 0.51). Although not statistically significant, there was also a suggestive difference by sex for the associations between ln-homocysteine and H3K36me2 (Pdiff ¼ 0.06).
Ln-homocysteine was inversely associated with H3K36me2
among men (b ¼ 0.19; 95% CI, 0.30–0.07; PFDR ¼ 0.01)
but not women (b ¼ 0.00; 95% CI, 0.16–0.15).
H3K36me3. After adjusting for multiple tests, plasma choline
was positively and signiﬁcantly associated with H3K36me3
among women only (b ¼ 0.35; 95% CI, 0.08–0.62; PFDR ¼
0.03). There was also a suggestive inverse association between
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Table 2. Baseline characteristics of FACT participants with PTHM measures at baseline in 400 mg folic acid and placebo groups
400 mg FA (n ¼ 107)
Placebo (n ¼ 60)
Characteristic
Median (IQR)
Median (IQR)
Age, y
38 (34–46)
38 (33–44)
BMI,b kg/m2
19.3 (17.8–21.0)
19.5 (18.1–22.1)
424 (360–617)
472 (357–548)
RBC folate,c nmol/L
Plasma folate, nmol/L
13 (8–19)
13 (10–17)
Plasma vitamin B12, pmol/L
213 (154–296)
220 (150–323)
Plasma choline, mmol/L
11.0 (9.9–13.0)
10.9 (9.7–13.1)
Plasma betaine, mmol/L
42.4 (35.1–51.9)
43.4 (34.1–54.7)
Plasma Hcys, mmol/L
11.4 (8.6–15.5)
11.7 (8.9–16.0)
Blood arsenic, mg/L
8.4 (6.0–12.7)
8.7 (6.1–11.5)
bSe, mg/L
135 (122–152)
136 (124–150)
uCr, mg/dL
46 (32–83)
40 (20–62)
H3K36me2,d relative % of total H3
1.48 (1.28–1.86)
1.56 (1.37–1.73)
e
1.62 (1.21–2.07)
1.67 (1.38–2.00)
H3K36me3, relative % of total H3
H3K79me2,f relative % of total H3
1.20 (1.06–1.68)
1.16 (0.96–1.59)
Folate deﬁcient,g %
26.2
18.3
23.4
26.7
Vitamin B12 deﬁcient,h %
HHcys,i %
39.3
46.7
Ever smoked cigarette, %
50.5
51.7
28.6
31.7
Ever used betel nut,j %
Education > 5 y, %
22.4
16.7
Own TV, %
42.1
40.0

Pa
0.29
0.37
0.74
0.53
0.76
0.86
0.84
0.77
0.83
0.93
0.03
0.61
0.51
0.18
0.25
0.63
0.35
0.88
0.68
0.37
0.80

Abbreviations: HCys, homocysteine; HHCys, hyperhomocysteinemia; IQR, interquartile range.
a
P was from Wilcoxon rank-sum test and c2 test for difference between 400 mg folic acid and placebo groups for continuous and categorical variables, respectively.
b
n ¼ 104 for 400 mg folic acid, n ¼ 59 for placebo group.
c
n ¼ 103 for 400 mg folic acid group.
d
n ¼ 105 for 400 mg folic acid, n ¼ 56 for placebo group.
e
n ¼ 102 for 400 mg folic acid, n ¼ 57 for placebo group.
f
n ¼ 106 for 400 mg folic acid, n ¼ 60 for placebo group.
g
Plasma folate < 9 nmol/L.
h
Plasma vitamin B12 < 151 pmol/L.
i
Plasma Hcys > 13 mmol/L.
j
n ¼ 104 for 400 mg folic acid.

ln-homocysteine and H3K36me3 among men (b ¼ 0.15; 95%
CI, 0.29–0.02; PFDR ¼ 0.08), with a similar trend among
women (b ¼ 0.12; 95% CI, 0.30–0.05; PFDR ¼ 0.25).
H3K79me2. Ln-vitamin B12 was positively associated with lnH3K79me2 in women (b ¼ 0.23; 95% CI, 0.09–0.37; PFDR <
0.01) but not men (b ¼ 0.01; 95% CI, 0.14–0.15; PFDR ¼
0.94), and these associations differed signiﬁcantly by sex (Pdiff <
0.05). Other OCM indices were not signiﬁcantly associated
with H3K79me2.
Sensitivity analyses
Associations between OCM indices and PTHMs were very
similar after additionally adjusting for BMI (Supplementary
Table S3) and measures of arsenic exposure (Supplemental
Table S4). Associations were also similar when OCM indices
were examined individually, although some of the effects were
slightly attenuated (Supplementary Table S5). Generally, the
associations between OCM indices and PTHMs did not differ
signiﬁcantly by age or blood arsenic level (Supplementary
Tables S6 and S7). The only exception was the association
between homocysteine and H3K36me3, which differed significantly between men who were above versus below the median
age (38 years; Pdiff < 0.01); among men older than 38 years
only, there was a negative association between homocysteine
and H3K36me3 (b ¼ 0.28; 95% CI, 0.46–0.10), which
was statistically signiﬁcant after adjusting for multiple tests
(PFDR ¼ 0.03; Supplementary Table S6).

www.aacrjournals.org

Effects of folic acid supplementation on PTHMs
Baseline characteristics of participants with PTHM measures
were comparable between the 400 mg folic acid and placebo
treatment arms, except for uCr, which was higher in the 400 mg
folic acid group (Table 2). However, uCr was not associated with
any of the PTHMs at baseline or with the intraperson changes in
PTHMs.
Compared with placebo, folic acid supplementation (400 mg/d
for 12 weeks) did not alter the PTHMs (Table 3), and this was also
true in sex-stratiﬁed analyses. Furthermore, changes in the OCM
indices from baseline to week 12 were not signiﬁcantly associated
with changes in the PTHMs during the same period, after adjusting for multiple tests (Supplementary Table S8).

Discussion
Because lysine histone methyltransferases depend on SAM,
many PTHMs are sensitive to nutritional methyl donors and other
OCM indices (9, 24, 41–43). However, few studies have examined
the inﬂuences of nutritional methyl donors on PTHMs in human
populations. In this study of arsenic-exposed Bangladeshi adults,
we observed sex-dependent associations between several OCM
indices and 3 PTHMs (H3K36me2, H3K36me3, and H3K79me2),
which were selected because they are dysregulated in cancers (19–
23) and are altered by nutritional methyl donors and/or arsenic in
experimental studies (24–27).
Although most of the measured nutritional methyl donors
and cofactors were positively associated with the PTHMs
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Figure 2.
Sex-speciﬁc associations between OCM indices and
PTHMs in FACT participants. Estimated regression
coefﬁcients and 95% CIs for associations between
each OCM index and (A) H3K36me2, (B) H3K36me3,
and (C) H3K79me2 are shown separately by sex. The
dashed line represents the null (b ¼ 0). Associations
with CIs that do not cross the null are statistically
signiﬁcant (P < 0.05). Asterisks ( , P < 0.05;   , P <
0.01) indicate sex differences with P values
calculated from the Wald test. OCM indices were
natural log-transformed and were included
simultaneously in models. Models were adjusted for
age, education, TV ownership, and ln-bSe. Analyses
for H3K36me3 and H3K79me2 in men were
additionally adjusted for cigarette smoking status.
H3K36me2 was inverse-transformed and was
modeled using a generalized linear model with an
inverse-link function. H3K36me3 and H3K79me2
were naturally log-transformed and were modeled
using linear models. Sample sizes for the main
analyses were as follows H3K36me2: n ¼ 159 for
men, n ¼ 159 for women; H3K36me3: n ¼ 154 for
men, n ¼ 152 for women; H3K79me2: n ¼ 162 for men,
n ¼ 159 for women.

examined, this was not the case for folate. Plasma folate was not
associated with these PTHMs, and supplementation with 400
mg FA/d for 12 weeks did not alter them. There is evidence that
tetrahydrofolate may facilitate histone demethylation by
accepting one-carbon groups as they are removed from histones
(44, 45). Thus, folate may have dual roles in regulating PTHMs,
complicating predictions of its net effects on these marks.
Polymorphisms in OCM genes may also modify the effects of
folate on PTHMs. Previous studies have found that folate is
only associated with DNA methylation among individuals with
the C677T MTHFR polymorphism (46, 47). However, in Bangladesh, less than 2% of individuals are homozygous for this
variant (48). It is also possible that the 12-week duration of
folic acid supplementation was too short to observe alterations
in PTHMs. However, some smaller studies have shown that
supplementation with the same, or lower, doses of folic acid for
shorter durations can alter leukocyte DNA methylation patterns
(49, 50). Another important consideration is that all participants in the current study were subject to an arsenic-removal
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water ﬁlter intervention. We previously observed that
H3K36me2 declined signiﬁcantly with reductions in arsenic
exposure (15). Thus, arsenic removal may have counteracted
some folic acid treatment effects. It is also possible that folic
acid supplementation altered PTHMs, but the effects were too
small to detect given limited statistical power, particularly in
sex-stratiﬁed analyses.
One limitation of this study relates to the fact that, by chance,
the subset of participants with PTHM measures had slightly lower
mean plasma folate and choline concentrations than FACT participants without PTHM measures. Similarly, the subset of participants with RBC folate measures on average had lower plasma
vitamin B12 concentrations. We therefore cannot rule out the
possibility that our ﬁndings may be more relevant to individuals
with poor nutritional status. Likewise, our ﬁndings in Bangladesh
may not be generalizable to other countries where nutritional
deﬁciencies are less common.
There are several possible explanations for the sex differences
observed in our study. Given that long-range allosteric
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Table 3. Median and interquartile range within-person change in PTHM from baseline to week 12 in FACT participants by treatment arm

PTHM
All participants
H3K36me2b
H3K36me3c
H3K79me2d
Males
H3K36me2e
H3K36me3f
H3K79me2g
Females
H3K36me2h
H3K36me3i
H3K79me2j

400 mg FA
Median (IQR)

Placebo
Median (IQR)

Test for group
difference
PFDRa

0.05 (0.39, 0.11)
0.02 (0.28, 0.27)
0.06 (0.28, 0.14)

0.15 (0.43, 0.11)
0.02 (0.23, 0.30)
0.05 (0.24, 0.04)

0.80
0.80
0.80

0.06 (0.31, 0.11)
0.00 (0.28, 0.23)
0.03 (0.19, 0.21)

0.07 (0.44, 0.16)
0.05 (0.23, 0.47)
0.03 (0.28, 0.09)

0.80
0.80
0.80

0.05 (0.44, 0.10)
0.04 (0.31, 0.28)
0.13 (0.47, 0.08)

0.17 (0.37, 0.04)
0.02 (0.22, 0.12)
0.05 (0.18, 0.04)

0.80
0.80
0.80

Abbreviation: IQR, interquartile range.
P from Wilcoxon rank-sum test for treatment group difference.
b
400 mg folic acid, n ¼ 103; placebo n ¼ 56.
c
400 mg folic acid, n ¼ 98; placebo n ¼ 55.
d
400 mg folic acid, n ¼ 97; placebo, n ¼ 56.
e
400 mg folic acid, n ¼ 52; placebo, n ¼ 27.
f
400 mg folic acid, n ¼ 50; placebo, n ¼ 28.
g
400 mg folic acid, n ¼ 50; placebo, n ¼ 29.
h
400 mg folic acid, n ¼ 51; placebo, n ¼ 29.
i
400 mg folic acid, n ¼ 48; placebo, n ¼ 27.
j
400 mg folic acid, n ¼ 47; placebo, n ¼ 27.
a

interactions normally regulate SAM concentrations, it is possible
that PTHMs are only perturbed under conditions of nutritional
deﬁciencies or excess. Consistent with other reports (4, 5), plasma
choline, betaine, and homocysteine concentrations were higher
among men, and men were more likely to be folate-deﬁcient.
There are also underlying sex differences in both the OCM
pathway and epigenetic regulation. For example, phosphatidylethanolamine N-methyltransferase, which catalyzes phosphatidylcholine synthesis, is upregulated by estrogen (51), and many
histone methyltransferases and histone demethylases bind to
androgen receptors (52). In addition, some histone demethylase
genes reside exclusively on the Y chromosome (53).
Susceptibility to arsenic toxicity differs by sex, with some
outcomes preferentially affecting males and others females
(54). It is possible that differential effects of arsenic and OCM
indices on epigenetic marks, such as PTHMs, contribute to these
differences. We have previously observed that arsenic exposure
is associated with DNA methylation and PTHMs in a sexdependent manner (14–17). The ﬁndings from this study
suggest that some of the OCM indices analyzed also inﬂuence
certain PTHMs differentially by sex. For example, choline was
positively, and homocysteine negatively, associated with
H3K36me2 among men. H3K36me2 plays an important role
in repairing DNA double-strand breaks, and there is evidence
that an aberrant global increase in this mark is involved in
oncogenic programming (55). Among women, choline and
vitamin B12 were positively associated with H3K36me3 and
H3K79me2. A global loss of H3K36me3 has been associated
with chromosomal instability and leukemia (56) and may
exacerbate age-dependent changes in gene expression (57),
whereas H3K79me2 has been shown to be essential for normal
hematopoiesis and is dysregulated in certain types of leukemia
(58). Thus, choline and vitamin B12 may prevent aberrant
alterations in several PTHMs that are implicated in cancer
development. Importantly, we did not measure other nutrients
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in the OCM pathway (e.g., vitamin B6 and riboﬂavin). These
nutrients may also inﬂuence PTHMs and should be evaluated
in future studies.
Our ﬁndings also have potential implications for targeted
clinical interventions. Many epigenetic therapies target the
OCM pathway. For example, EPZ-5676, which is currently in
a phase I trial for the treatment of MLL-rearranged leukemia, is
a SAM-competitive inhibitor of DOT1L, a histone methyltransferase which targets H3K79 (59). Thus, it is possible that
nutritional factors and/or the use of supplements that inﬂuence
SAM concentrations (e.g., vitamin B12) could counteract the
effects of EPZ-5676 and other epigenetic drugs. By analogy,
there is evidence that antifolates, such as methotrexate, are
more effective in patients with low baseline folate concentrations and less effective in individuals taking folic acid supplements (reviewed in ref. 60).
The data reported herein suggest that some OCM indices
inﬂuence PTHMs in a sex-dependent manner and further demonstrate that folic acid supplementation, at least at a low dose of
400 mg/d for 12 weeks, does not inﬂuence PTHMs in PBMCs.
Nevertheless, we cannot rule out the possibility that PTHMs in
other target tissues, or other PTHMs, may have been inﬂuenced by
folic acid supplementation. Thus, understanding the effects of
folic acid and other nutritional donors on PTHMs in human
populations merits additional study.
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