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ABSTRACT
Background: Periconceptional folate intake is associated with the
establishment of DNA methylation in offspring; however, variations
in this relation by food sources compared with folic acid supplements
are not described. Also, maternal folate intake is associated with
decreased risk of pediatric acute lymphoblastic leukemia (ALL), but
the mechanism is not known.
Objectives: We evaluated the relation between periconceptional
folate intake by source and DNA methylation at birth in a cohort of
pediatric ALL cases and controls in an epigenome-wide association
study.
Methods: Genome-wide DNA methylation status obtained from
archived neonatal blood spots from pediatric ALL cases (n = 189)
and controls (n = 205) in the California Childhood Leukemia
Study (CCLS) from 1995–2008 was compared with periconceptional
folate from total, food, and supplemental sources using multivariable
linear regression. Further stratification was performed by income,
education, ethnicity, and total folate intake. We evaluated variable
DNA methylation response to periconceptional folate by ALL case
status through an interaction term.
Results: Two significant differentially methylated probes (DMPs)
were associated with food and supplemental periconceptional folate
intake in all subjects (n = 394). The top differentially methylated
region at the promoter region of DUSP22 (dual specificity phos-
phatase 22) demonstrated DNA hypermethylation in ALL cases but
not in controls in response to total and food folate intake. We further
identified 8 interaction term DMPs with variable DNA methylation
response to folate intake by ALL case status. Further stratification of
the cohort by education and ethnicity revealed a substantially higher
number of DMPs associated with supplemental folic acid intake in
Hispanic subjects with lower income and educational level.
Conclusions: We identified modest associations between pericon-
ceptional folate intake and DNA methylation differing by source,
including variation by ALL case status. Hispanic subjects of lower in-
come and education appear uniquely responsive to periconceptional
folate supplementation. Am J Clin Nutr 2022;116:1553–1564.

Keywords: DNA methylation, folate, acute lymphoblastic
leukemia, periconceptional nutrition, epigenetics, pediatric oncology

Introduction
The etiology of pediatric acute lymphoblastic leukemia (ALL)

is likely multifactorial (1) with a prenatal origin (2), identifying
the significance of the intrauterine period in future leukemia
risk. This includes an association between maternal diet during
pregnancy and development of childhood ALL. Consumption
of vegetables, fruits, proteins (3), and legumes (4) during
pregnancy is associated with a reduced risk of ALL in offspring
after accounting for socioeconomic status. To explain these
findings, focus has been placed on micronutrients involved in
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one-carbon metabolic processes, including folate (vitamin B-
9), cobalamin (vitamin B-12), vitamin B-6, riboflavin (vitamin
B-2) and methionine (5), which regulate processes including
nucleotide synthesis and de novo DNA methylation (6).

Maternal diets high in folate decrease the risk of pediatric
ALL (7, 8). Combined case-control data from 12 studies in
the Childhood Leukemia International Consortium, including
6963 pediatric ALL subjects, demonstrated a reduction in
ALL risk with periconceptional folate supplementation (9), a
finding since confirmed independently (10). Neonatal serum
folate concentrations are not associated with the development of
ALL (11), indicating that exposure in the periconceptional and
early gestational period has the strongest impact on leukemia
risk. Folate source may additionally play an important role in
regulating ALL risk. Natural folate exists in a wide array of
plant and animal sources, whereas folate-fortified foods and
dietary supplements occur as synthetic folic acid. While total
maternal folate intake appears to reduce ALL risk across all
populations, children of Hispanic background (5) and mothers
of low educational levels (9) demonstrate particular benefit from
higher folate intake, including folic acid supplementation.

DNA methylation patterns are largely established during early
embryogenesis under genetic, stochastic, and environmental
influences, including maternal folate consumption (12–14). This
suggests that DNA methylation may mediate the association of
maternal dietary folate and pediatric ALL (15). While aberrant
DNA methylation typifies pediatric ALL at diagnosis (16),
its role as an early or predisposing contributor to leukemia
development is unknown. We hypothesized that periconceptional
maternal folate intake influences pediatric ALL risk by modifying
DNA methylation, and that this effect varies by food versus
supplemental sources. We assessed periconceptional folate intake
through a retrospective maternal dietary survey collected by the
California Childhood Leukemia Study (CCLS) in association
with DNA methylation at birth in pediatric ALL cases, prior to
diagnosis, and matched healthy controls through an epigenome-
wide association study (EWAS).

Methods

Study population

The CCLS is a population-based, case-control study that
enrolled subjects with newly diagnosed pediatric (0–14 y)
leukemia at California hospitals from 1995 to 2008 (17). Controls
were randomly selected from birth certificates from the California
Department of Public Health Office of Vital Records at a 1:1
or 2:1 ratio matched by birth date (i.e., matched to date of
diagnosis for cases), sex, maternal race, and Hispanic ethnicity. A
subset of pediatric ALL cases (B-cell, T-cell, or unknown lineage)
and matched controls were assigned for whole-genome DNA
methylation analysis using the Illumina Infinium Methylation
EPIC BeadChip platform (Illumina) (14, 18). Participant dried
blood spots (DBSs) obtained from peripheral blood heel-stick
samples at birth were obtained from archived samples maintained
by the California Department of Public Health. DNA was isolated
from DBS samples, as described elsewhere (14), prior to being
sent for methylation analysis. Written informed consent was
obtained from mothers of participants, with assent from subjects
aged 7 y or older. The institutional review boards of participating

institutions and the California Committee for the Protection of
Human Subjects reviewed and approved the study protocol.

Periconceptional folate estimation

Retrospective maternal dietary history spanning the year prior
to pregnancy was obtained through a modified Block food-
frequency questionnaire (mBFFQ) administered at diagnosis for
cases or at the time of enrollment for controls (19). Specifications
of the mBFFQ are reviewed elsewhere (4, 5). The mBFFQ
surveyed frequency of intake of common foods and supplements,
including 7 Hispanic-specific foods for Spanish-speaking pa-
tients. Folate intake was quantified as dietary folate equivalents
(DFEs) and accounted for folic acid fortification in grain products
in 1998. DFE measurements were categorized as total folate
(from all sources), food folate (including natural and fortified
food sources), and supplemental folic acid. Supplemental DFEs
were based on exact labeled content of folic acid in multivitamin
products and dietary supplements assessed on the mBFFQ. A
total of 411 subjects were evaluated using the mBFFQ, including
198 ALL cases and 213 controls. One subject with incomplete
folate intake estimation data was omitted.

DNA methylation analysis

Extracted DNA samples were modified by sodium bisulfite
for conversion of unmethylated cytosines to uracil using the EZ
DNA Methylation Kit (Zymo Research) for use in genome-wide
methylation assessment. Samples were subsequently sent for
methylation assessment using the Illumina Infinium Methylation
EPIC BeadChip platform (Illumina) (14, 18). Raw IDAT
(intensity data file)files were imported into R (Version 4.0.0, The
R Foundation) for data preprocessing and normalization using
the openSesame pipeline from the SeSAMe package (20) in minfi
(21), with the distribution of signal background calibrated by
type I probe out-of-band signal. Probes with a detection P-value
threshold > 0.05 were masked from further analysis. NOOB
background subtraction was performed, followed by removal of
residual background. Nonlinear scaling was used to correct for
dye balance. Probes and subjects with >5% missing values were
removed. Probes previously identified as cross-hybridizing or
overlapping genetic variants were additionally omitted (22). A
total of 16 subjects were removed due to excessive missingness.
Missing values were imputed using the impute.knn function in the
R package impute. Chromosome X and Y probes were included
in analysis. A total of 697,560 probes passed quality-control
measures for inclusion in the study.

Statistical modeling

B-Values ranging from 0 (unmethylated) to 1 (fully methy-
lated) were logit-transformed to M-values to normalize probe
distribution for statistical modeling. Multivariable linear regres-
sion was conducted independently for the 3 folate variables
(total, food, and supplemental). Supplemental DFEs were treated
categorically (0,194, 360, and 540 DFEs), whereas the remainder
were treated as continuous variables. The model controlled for
array batch effect (plate), ALL case status, sex, the top 10
principal components (PCs) for nucleated cell proportions and
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top 10 PCs for genetic ancestry. Reference-Free Adjustment
for Cell Type Composition (ReFACTor) was used to estimate
nucleated cell proportions (23), whereas genetic ancestry was
estimated using the EPISTRUCTURE (24) approach in GLINT
(25). No significant variation in nucleated cell proportions (B
cell, CD4 and CD8 T cell, granulocytes, monocytes, NK cells,
and nucleated RBCs) was identified between ALL cases and
controls using results of a separate reference-based deconvolution
method (26–28). Differentially methylated probes (DMPs) were
defined by false discovery rate (FDR) <0.05 based on the
Benjamini and Hochberg method to correct for multiple compar-
isons. Differentially methylated regions (DMRs) were identified
through Comb-p (29) using a seed P value < 0.05, maximum
probe distance of 1000 base pairs, a minimum of 2 probes per
region, and a significance threshold of Šidák-corrected P value <

0.05. All probes were annotated using the Bioconductor package
IlluminaHumanMethylationEPICanno.ilm10b4.hg19 (30).

Subgroup analysis

Given prior evidence of variation in the association between
folate consumption and ALL risk by ethnicity and socioeconomic
factors (5, 9, 31), we conducted a subgroup analysis stratified by
Hispanic compared with non-Hispanic White ethnicity, annual
household income, the highest level of household education, and
overall folate consumption. Income stratifications were defined
as low (<$75,000) compared with high (≥$75,000) annual
income. Household education stratifications were defined as
lower educational level (high school or less) compared with
higher educational level (some college or more). Median total
folate intake for all participants was used to define low (<530.6
total DFEs) compared with high (≥530.6 total DFEs) overall
folate consumption.

Interaction term analysis

To identify DNA methylation sites with variable response
to periconceptional folate intake by ALL case status, an
interaction term (ALL case status multiplied by folate DFEs) was
incorporated in the linear regression model as the main covariate
of interest while controlling sex, batch effect (plate), ALL case
status, folate DFEs by source, the top 10 EPISTRUCTURE
PCs, and top 10 ReFACTor PCs. After evaluating B-value
distributions of ALL cases and controls, extreme outliers were
adjusted through winsorization. Specifically, for cg08267698,
cg00277198, cg04656615, and cg19839822, the 2 most extreme
outliers among ALL cases were adjusted to the remaining
most extreme value; for cg14946192 and cg11943916, the most
extreme outlier was adjusted; and for cg14541523, the 3 most
extreme outliers were adjusted. Interaction term CpGs with
FDR <0.05 were subsequently assessed separately in ALL-
case–stratified populations using winsorized data to confirm an
opposing direction of effect in cases compared with controls.

Validation testing

To validate findings and test consistency with prior reports
of maternal folate and DNA methylation at birth, results from
the probe-specific EWAS were compared with folate-responsive

CpGs previously published (13). The prior study evaluated
2 separate mother–offspring linked cohorts, the Norwegian
Mother, Father, and Child Cohort Study (MoBa) and the
Generation R Study (GenR), as well as a meta-analysis of the
2 cohorts revealing a total of 443 folate-responsive CpGs. A total
of 359 CpGs overlapped with sites investigated in the current
study. Spearman correlation coefficients were calculated between
EWAS coefficients for total folate intake from this study and
coefficients from the previously published meta-analysis, as well
as the MoBa and GenR cohorts independently.

Data availability

The data underlying this article are available in the article and
within Supplemental Tables 1–15. Results of the EWAS analysis
presented in this study are provided as a downloadable file for
all subjects, Hispanic subjects only, and non-Hispanic White
subjects (32). This study used biospecimens from the California
Biobank Program, which prohibits uploading of genomic data
(including genome-wide DNA methylation) and/or sharing of
individual-level data obtained from these biospecimens under
the statutory scheme of the California Health and Safety
Code sections 124980(j), 124991(b) and (h), and 103850(a)
and (d).

Results

Cohort description and folate distribution

A total of 394 subjects were evaluated, including 189 ALL
cases and 205 controls (Supplemental Figure 1). Cases and
controls did not differ by sex, birth weight, race, Hispanic
ethnicity, income, or highest household educational level (Table
1). Age at diagnosis ranged from 0.2 to 15.0 y for ALL cases
(median: 4.2; IQR: 3.9), whereas age at enrollment for controls
ranged from 0.3 to 14.7 y (median: 4.9; IQR: 5.3; P = 0.071).
Median total folate intake was 530.6 DFEs. Median dietary intake
was 419.0 DFEs from all food sources. For supplemental folic
acid, 280 subjects reported no intake, 27 reported 194 DFEs,
14 reported 360 DFEs, and 73 reported 540 DFEs (Table 1,
Supplemental Figure 2A). In this CCLS subset, cases and
controls did not differ in folate intake for any source (Table 1,
Supplemental Figure 2B). Of the 394 subjects included in the
study, 201 (51.0%) had total DFEs equal to or greater than 520,
the Estimated Average Requirement during pregnancy in the
United States. Of the 189 cases, 99 (52.4%) had total DFEs equal
to or greater than 520. Of the 205 controls, 102 (49.8%) had total
DFEs equal to or greater than 520.

Subjects were further stratified by self-reported Hispanic
ethnicity, annual income, household education, and total folate
intake (Supplemental Figure 2C–F). Hispanic subjects reported
higher folate intake from food sources, whereas non-Hispanic
White subjects reported higher supplemental folic acid intake
(Supplemental Figure 2C). Subjects with low annual income
reported lower total folate intake compared with those with high
income due to reduced supplemental folic acid intake, despite
reporting higher intake from food sources (Supplemental Figure
2D), a trend similarly reflected in subjects with low household
education (Supplemental Figure 2E).
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TABLE 1 Subject characteristics1

All subjects (n = 394) Cases (n = 189) Controls (n = 205) P

Female sex, n (%) 174 (44.2%) 86 (45.5%) 88 (43.1%) 0.612

Median (IQR) gestational age, wk
(IQR)

40 (2) 40 (3) 40 (1) 0.043

Mean (SD) birth weight, g 3411.1 (563.2) 3361.7 (549.7) 3456.6 (572.9) 0.094

Race, n (%) 0.415

White/Caucasian 216 (54.8%) 96 (50.8%) 120 (58.5%)
Black/African American 9 (2.3%) 4 (2.1%) 5 (2.4%)
Native American 6 (1.5%) 4 (2.1%) 2 (1.0%)
Asian or Pacific Islander 26 (6.6%) 11 (5.8%) 15 (7.3%)
Mixed or others 135 (34.3%) 72 (38.1%) 63 (30.7%)

Ethnicity, n (%) 0.962

Hispanic 175 (44.4%) 83 (43.9%) 92 (44.9%)
Non-Hispanic 219 (55.6%) 106 (56.1%) 113 (55.1%)

Annual income, n (%) 0.442

<$15,000 46 (11.7%) 24 (12.7%) 22 (10.7%)
$15,000–29,999 68 (17.3%) 39 (20.6%) 29 (14.1%)
$30,000–44,999 45 (11.4%) 22 (11.6%) 25 (12.2%)
$45,000–59,999 54 (13.7%) 27 (14.3%) 27 (13.2%)
$60,000–74,999 42 (10.7%) 18 (9.5%) 23 (11.2%)
≥$75,000 137 (34.8%) 58 (30.7%) 79 (38.5%)

Household education, n (%) 0.212

None or elementary school 15 (3.8%) 9 (4.8%) 6 (2.9%)
High school or similar 117 (29.7%) 57 (30.2%) 60 (29.3%)
Some college or similar 120 (30.5%) 49 (25.9%) 71 (34.6%)
Bachelor’s degree or higher 142 (36.0%) 74 (39.2%) 68 (33.2%)

Median (IQR) maternal folate DFEs
Total 530.6 (532.1) 536.4 (533.9) 519.8 (516.9) 0.853

Food 419.0 (308.3) 439.6 (316.1) 410.0 (299.8) 0.833

Supplemental, n subjects per
category

0 DFEs 280 134 146 0.912

194 DFEs 27 12 15
360 DFEs 14 8 6
540 DFEs 73 35 38

1Characteristics of the n = 394 subjects assessed in this study from the California Childhood Leukemia Study (CCLS) with genome-wide
DNA-methylation data available are shown. Characteristics of the n = 189 pediatric acute lymphoblastic leukemia cases and n = 205 matched controls
included in this group are presented separately. No notable differences between case and control subjects were identified by sex, birth weight, reported race
and ethnicity, annual income, or highest level of household education. Maternal periconceptional folate intake was calculated as DFEs and assessed by total
intake, intake from food sources, and intake from supplemental sources. Total and food DFEs were assessed on a continuous scale, whereas supplemental
folic acid was assessed categorically. DFE, dietary folate equivalent.

2Chi-square test,
3Wilcoxon test,
4Welch’s t-test,
5Fisher’s exact test.

Probe-specific analysis by folate source

A total of 697,560 EPIC array CpG probes passed quality
control measures for use in multivariable linear regression.
Genomic inflation (λ) values by source were λ = 1.08 for
total, 1.03 for food, and 0.96 for supplemental DFEs (Figure
1A). No significant DMPs were identified for total DFEs, 1
was identified for food DFEs, and 1 for supplemental DFEs
(Supplemental Table 1, Figure 1B). Full EWAS results are
available as a downloadable file (32). A DMP at HENMT1
(HEN methyltransferase 1) (cg16977637) on chromosome 1
had a positive association (regression coefficient: 2.45 × 10−04;
FDR = 0.030) with food DFEs, whereas an intergenic probe
(cg17582160) was inversely associated with supplemental DFEs
(coefficient: –0.724; FDR = 0.032). The top 10 probe-specific

results for each folate variable are shown in Supplemental
Table 1. Gene set enrichment analysis for the top 1000 probes
was unremarkable for all folate sources. Correlation between
regression coefficients was evaluated to characterize consistency
of effect between folate sources (Supplemental Figure 3).
The strength of correlation was strongest between total folate
and food DFEs (Spearman’s R = 0.75, P < 2.2 × 10−16).
Correlation remained significant, although weaker, between total
and supplemental DFEs (R = 0.16, P < 2.2 × 10−16) and food
and supplemental DFEs (R = 0.05, P < 2.2 × 10−16).

Regional analysis by folate source

DMRs were analyzed using Comb-p (29). A total of 32 DMRs
were identified in association with total folate DFEs [18 (56.3%)
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FIGURE 1 CpG-specific epigenome-wide association study results by maternal periconceptional folate source. A total 697,560 CpGs from the EPIC
DNA-methylation array (Illumina) were included in multivariable linear regression analysis. (A) Quantile-quantile (QQ) plots demonstrating distribution of
observed versus expected –log(10) raw P values for total, food, and supplemental periconceptional DFEs. Lambda values (λ) on plots represent estimation
of genomic inflation, which was minimal across the 3 folate sources. (B) Volcano plot demonstrating –log(10) raw P value by regression coefficient. One
significant DMP was identified in association with food folate and a second in association with supplemental folic acid intake. The hatched line represents
FDR <0.05. Significant DMPs are positioned above the hatched line and are bolded, with associated gene names presented on the plot; unnamed DMPs are
intergenic. DFE, dietary folate equivalent; DMP, differentially methylated probe; FDR, false discovery rate.

predominantly hypermethylated and 14 (43.8%) hypomethylated
in response to folate intake], 35 were associated with food DFEs
[14 (40.0%) hypermethylated, 21 (60.0%) hypomethylated],
and 48 were associated with supplemental DFEs [41 (85.4%)
hypermethylated, 7 (14.6%) hypomethylated] (Figure 2, Table
2, Supplemental Tables 3 and 4). Regional gene set enrichment
analysis was unremarkable. A region spanning 1137 bp on
chromosome 6 within the promoter region of DUSP22 (dual
specificity phosphatase 22) was the top DMR for total and food
DFEs, although it was not associated with supplemental DFEs
(Figure 3). Regression coefficients for the 2 folate sources were
negative for all 9 probes in the DUSP22 region, indicating an
inverse relation with DNA methylation (Supplemental Figure
4A). Probes in the region showed P < 0.05 only in ALL cases and
not controls when analyzed independently (Supplemental Figure
4B).

Subgroup-stratified EWAS analysis

Regression analysis was repeated in subgroups stratified by
Hispanic ethnicity, household education, annual income, and
total folate intake (Supplemental Table 2 and Supplemental
Tables 5–9; Supplemental Figure 2B–F). Two DMPs were

identified among Hispanic subjects (n = 175, n exposed to
supplemental folic acid = 33), both associated with supplemental
DFEs. One DMP was identified in association with supplemental
folic acid intake in non-Hispanic White subjects (n = 159, n
exposed = 59) (Supplemental Table 9). Subjects with low annual
income (n = 257, n exposed to supplemental folic acid = 50)
had 1 DMP for total, 2 for food, and 21 for supplemental DFEs,
whereas high-income subjects (n = 137, n exposed = 64) had
no significant DMPs for any folate category. Subjects with a
lower educational level (n = 132, n exposed to supplemental
folic acid = 15) had 241 significant DMPs for supplemental
DFEs and no significant DMPs for total and food DFEs, whereas
those with a higher education (n = 262, n exposed = 99)
had 22 significant DMPs for food DFEs but none for total
and supplemental DFEs. Subjects with low total folate intake
(n = 197, n exposed to supplemental folic acid = 10) had 3
DMPs associated with supplemental DFEs and none for total
and food DFEs, whereas high-total-folate subjects (n = 197,
n exposed = 104) had no significant DMPs for any folate
category.

To assess ethnicity-related differences within these subgroups,
we next stratified Hispanic and non-Hispanic subjects by annual
income, household education, and total folate intake separately
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FIGURE 2 Differentially methylated regions by folate source. DMRs by folate source were identified based on spatial correlation of P values using Comb-
p Šidák P values, which are corrected for multiple comparisons across regions according to the Comb-p algorithm. A Šidák P-value threshold <0.05 was
used to define significance. (A) Manhattan plots shown demonstrate –log(10) region P values from Comb-p analysis by chromosomal position. Probes within
DMRs are bolded, with labels for the top 10 DMRs by P value. A total of 32 DMRs were identified in association with total folate intake, 35 associated
with food folate intake, and 48 with supplemental folic acid. (B) Venn diagrams of probes overlapping between folate sources demonstrate a single DMR (at
HORMAD2, HORMA domain containing 2) common to all sources, along with 10 additional DMRs overlapping between total and food sources. No additional
DMRs overlapped between total and supplemental sources or food and supplemental sources. Panel B was created with BioRender.com. DFE, dietary folate
equivalent; DMR, differentially methylated region.

for analysis. Hispanic subjects with low household education
(n = 102, n exposed to supplemental folic acid = 12),
low annual income (n = 150, n exposed = 21), and low
total folate intake (n = 83, n exposed = 2) demonstrated
215, 90, and 387 DMPs associated with supplemental DFEs,
respectively (Figure 4, Supplemental Figure 5A–C). Hispanic
subjects with low household education additionally had 1
DMP associated with total DFEs and 2 associated with food
DFEs. In Hispanic subjects with high household education
(n = 73) and high total folate intake (n = 92) there were
no significant DMPs for any folate category, whereas those
with high income levels (n = 25) could not be assessed
independently due to the small sample size. The sample
size for non-Hispanic White subjects with a low educational
level (n = 23) precluded regression analysis. Non-Hispanic
White subjects with low income (n = 77, n exposed to
supplemental folic acid = 23) had 1 significant DMP asso-
ciated with supplemental DFEs (Supplemental Figure 6A–
C). Non-Hispanic White subjects with lower total folate
intake (n = 84) had 2 significant DMPs for food DFEs
and 14 DMPs for supplemental DFEs (n exposed = 5).

Non-Hispanic White subjects with high household education
(n = 136) had 1 DMP associated with food DFEs, whereas
those with high income (n = 82) and high total folate
intake (n = 75) had no significant findings. Subgroup-specific
DMRs are provided in Supplemental Table 3 and Supplemental
Tables 10–14.

Comparison to prior maternal folate-responsive DNA
methylation sites

To evaluate consistency with prior studies, we compared
the coefficient direction of effect for 359 CpG sites that
overlapped with 443 folate-responsive sites (13) identified in 2
European cohorts: MoBa and GenR (Supplemental Table 15).
Total folate intake coefficients were associated with published
meta-analysis results from the 2 cohorts (Spearman’s R = 0.15,
P = 0.003; Supplemental Figure 7A–C). Independently, our
results showed a stronger correlation with the GenR cohort
(R = 0.25, P = 1.10 × 10−06) than the MoBA cohort (R = 0.065,
P = 0.220).
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FIGURE 3 Regional description of the top DMR at DUSP22 (dual specificity phosphatase 22). (A) Box plot diagram of DNA methylation B-values for
all subjects (n = 394) for the 9 CpG probes located within the 1137-bp region on chromosome 6 associated with the promoter region of DUSP22 identified in
Comb-p in association with maternal total and food folate intake. (B) Regression coefficients for the same 9 CpG probes within the region for maternal total and
food folate intake. (C) Diagram of local region surrounding the DUSP22 DMR (shaded region) on chromosome 6 with annotations from the UCSC Genome
Browser including CpG island regions and H3K27 acetylation sites. DMR, differentially methylated region; DUSP22, dual specificity phosphatase 22.

Leukemia-specific associations

A total of 8 CpGs were found to have an interaction
between ALL case status and food folate intake (FDR = 0.003–
0.026; Table 3). No significant interactions were identified for
total or supplemental DFEs. Significant probes were subse-
quently analyzed in subgroups stratified by ALL case status
(Supplemental Figure 8) following winsorization of extreme
outliers (Supplemental Figure 9). Coefficients for all 8 CpGs
were opposed in direction of effect between ALL cases and
controls. P values ranged from 3.03 × 10−05to 0.014 in cases,
whereas just 1 CpG (cg24425686, associated with CERK,
ceramide kinase; P = 0.037) had P < 0.05 in controls (remaining
control P values ranged from 0.162 to 0.844).

Discussion
These results identify site-specific and regional associations

between periconceptional folate intake and DNA methylation in
offspring varying by dietary source. We identified DMPs for food
and supplemental sources, but none when assessing these sources
as combined total folate intake. Although 11 DMRs overlapped
between total and food folate sources, just 1 supplemental DMR

overlapped with the other folate sources. This divergence in
results between total, food, and supplemental sources implies a
distinct relation for each folate source in contributing to the early
establishment of DNA methylation.

We additionally show that the relation between maternal
dietary folate intake and DNA methylation at birth varies by
Hispanic ethnicity, household education, annual income, and
the overall amount of folate consumed. For individuals with
lower educational and income levels, the strongest relation
with DNA methylation variation resulted from supplemental
folic acid intake. This finding was likely driven by Hispanic
subjects, who showed substantially greater association with
supplemental folic acid intake compared with non-Hispanic
White subjects in the low-education and low-income subgroups.
This finding agrees with prior studies that identified ALL risk
reduction in Hispanic patients with the highest concentrations
of maternal supplemental folic acid (5) and those with mothers
of low education (9), indicating a potential additional benefit
to targeted folate supplementation in these groups. All subjects
in the low-overall-folate subgroup failed to meet US national
guidelines for folate intake during pregnancy (>600 DFEs).
Although the identified association with supplemental folic acid
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FIGURE 4 Hispanic subjects within the low-income stratification show a stronger association with supplemental folic acid intake compared with non-
Hispanic White subjects. (A) Folate distribution by source within lower-income subjects (annual income <$75,000/y) stratified by Hispanic (n = 150) and
non-Hispanic White (n = 77) subjects. Hispanic subjects were found to take in higher concentrations of folate from food sources, whereas non-Hispanic
White subjects take in higher concentrations of folate from supplemental sources. (B) Regression results were associated with supplemental folic acid intake
in all lower-income subjects (n = 257; left panel) compared with regression results further stratified by Hispanic subjects only (middle panel) and non-
Hispanic White subjects (right panel). The hatched line represents FDR <0.05. Bolded points positioned above the hatched line represent significant DMPs. (C)
Table demonstrating median folate values in lower-income subjects further stratified by Hispanic ethnicity. DFE, dietary folate equivalent; DMP, differentially
methylated probe; FDR, false discovery rate.

intake remained consistent across Hispanic compared with non-
Hispanic White subgroups, the low number of subjects exposed
to supplemental folic acid within these stratifications may have
contributed to the large number of significant findings.

We identified a DMR linked to total and food periconceptional
folate intake at the promoter region of DUSP22, a protein
phosphatase and known tumor suppressor involved in mitogen-
activated protein kinase (MAPK) and signal transducer and
activator of transcription 3 (STAT3) regulation (33). DUSP22
rearrangements constitute 30% of ALK (anaplastic lymphoma
kinase)-negative anaplastic large-cell lymphoma (34) and are
found dysregulated in chronic lymphocytic leukemia (35). The

gene body region of DUSP22 has additionally been identified in
multiple studies to be differentially methylated in pediatric ALL
at diagnosis (16, 36), and has been shown to be hypermethylated
in response to maternal folate depletion in mouse models (15).
This study is the first to confirm a similar direction of effect in
response to maternal folate in humans. Although the direction of
effect was the same between ALL cases and controls in this study,
the strength of association was greater in ALL cases.

We identified unique relations between periconceptional
folate and DNA methylation by ALL case status, including
DMPs associated with CERK (ceramide kinase), CUTA (cutA
divalent cation tolerance homolog), WDFY4 (WDFY family
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member 4), SART1 (spliceosome associated factor 1), TCF20
(transcription factor 20), and ERGIC1 (endoplasmic reticulum-
golgi intermediate compartment 1). Each of these genes are
previously identified as differentially methylated at diagnosis in
B-cell precursor ALL (36). All sites demonstrated an opposing
direction of effect in ALL cases and controls. We did not directly
test for an underlying mechanism to explain variation in folate
responsiveness at these sites, including mediation by genetic
variation. However, evidence of a variable response in ALL cases
lends support for folate to act as a driver of early changes in DNA
methylation, which impact future pediatric ALL development.

The strength of this study is the large sampling of subjects with
both perinatal DNA methylation data, prior to onset of pediatric
ALL, and detailed periconceptional dietary folate calculations for
mothers. We also show that our results are correlated with a prior
study investigating maternal folate-responsive DNA methylation
sites in offspring (13). This correlation was stronger for the
GenR cohort than the MoBa cohort when assessed independently.
We did not identify a clear explanation for this difference,
as both cohorts are based on European populations (Norway
and the Netherlands) and did not differ obviously in subject
characteristics (13). In part, this difference may be attributable
to variation in the timing and method of folate measurement, as
the GenR cohort evaluated maternal blood folate concentrations
at 12 wk of gestational age and the MoBa cohort measured this
concentration at 16 wk. This study, in contrast, evaluated DFEs
calculated through retrospectively obtained maternal dietary
history, creating a potential for inaccuracies in data acquisition
and recall bias, in particular given that no formal assessment
of the reliability of the mBFFQ exists (31). However, although
knowledge of a general benefit for folate intake in pregnancy is
prevalent, its specific association with ALL risk is less widely
known, which may serve to limit variation in recall between
ALL cases and controls included in this study (37). Dietary
folate calculations may also fail to account for variation in folate
bioavailability resulting from potential differences in dietary
absorption, drug interactions, and variants in genes involved in
folate metabolism, which also are associated with risk of pediatric
ALL (38–40). However, direct measurement of serum folate
may vary temporally by recency of food intake and thus may
not be fully reflective of maternal folate stores (41) available
to the developing fetus. Finally, as ALL-defining chromosomal
translocations have been identified at birth, we cannot fully rule
out the influence of a subpopulation of pre-leukemic cells on the
reported results of this study.

In summary, we identified a source-specific relation between
dietary periconceptional folate and DNA methylation at birth.
We additionally identified a particular impact for supplemental
folic acid in Hispanic subjects, specifically those with lower
educational and lower income levels. Further investigations into
the relation of maternal folate on DNA methylation at birth should
account for these varying folate sources. We also identified
DNA methylation variation by ALL case status, including a
notable region of interest at DUSP22. Further investigation into
a potential functional role for this early molecular alteration in
ALL predisposition in children is warranted.
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