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A B S T R A C T

Background: Folate is involved in multiple genetic, epigenetic, and metabolic processes, and inadequate folate intake has been associated with an

increased risk of cancer.

Objective: We examined whether folate intake is differentially associated with colorectal cancer (CRC) risk according to somatic mutations in genes

linked to CRC using targeted sequencing.

Design: Participants within 2 large CRC consortia with available information on dietary folate, supplemental folic acid, and total folate intake were

included. Colorectal tumor samples from cases were sequenced for the presence of nonsilent mutations in 105 genes and 6 signaling pathways (IGF2/

PI3K,MMR, RTK/RAS, TGF-β,WNT, and TP53/ATM). Multinomial logistic regression models were analyzed comparing mutated/nonmutated CRC cases

to controls to compute multivariable-adjusted odds ratios (ORs) with 95% confidence interval (CI). Heterogeneity of associations of mutated compared

with nonmutated CRC cases was tested in case-only analyses using logistic regression. Analyses were performed separately in hypermutated and

nonhypermutated tumors, because they exhibit different clinical behaviors.

Results: We included 4339 CRC cases (702 hypermutated tumors, 16.2%) and 11,767 controls. Total folate intake was inversely associated with CRC

risk (OR ¼ 0.93; 95% CI: 0.90, 0.96). Among hypermutated tumors, 12 genes (AXIN2, B2M, BCOR, CHD1, DOCK3, FBLN2, MAP3K21, POLD1,

RYR1, TET2, UTP20, and ZNF521) showed nominal statistical significance (P < 0.05) for heterogeneity by mutation status, but none remained significant

after multiple testing correction. Among these genetic subtypes, the associations between folate variables and CRC were mostly inverse or toward the

null, except for tumors mutated for DOCK3 (supplemental folic acid), CHD1 (total folate), and ZNF521 (dietary folate) that showed positive associations.

We did not observe differential associations in analyses among nonhypermutated tumors, or according to the signaling pathways.

Conclusions: Folate intake was not differentially associated with CRC risk according to mutations in the genes explored. The nominally significant

differential mutation effects observed in a few genes warrants further investigation.
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Introduction

Colorectal cancer (CRC) is 1 of the most diagnosed cancers

worldwide, with an estimated global incidence of >1.9 million in 2020

[1]. CRC is a multifactorial disease with multiple established or puta-

tive genetic and modifiable risk factors [2]. Over the past decades, a

substantial body of evidence from experimental and epidemiologic

studies has suggested a possible protective role for folate in CRC [3].

Chemically, folate and folic acid constitute a group of compounds that

possess a pterin ring conjugated to an aminobenzoate, and at least 1

glutamate moiety [4]. As an essential nutrient, folate is almost exclu-

sively provided by the diet or through supplementation mostly in the

form of folic acid [5].

Observational epidemiologic studies support a possible benefit

offered by dietary folate and supplemental folic acid in CRC occur-

rence [6]. The most recent meta-analysis, which incorporated findings

from 24 cohort studies, showed that high-folate intake was associated

with 17% lower risk of developing CRC [7]. Previous meta-analyses

on supplemental folic acid and CRC risk reported conflicting associ-

ations [6,8]. Great strides have been made in our understanding of the

role of folate in colorectal carcinogenesis, with the most plausible

pathway being folate’s role in 1-carbon metabolism, DNA methylation

and synthesis [9].

Unlike most CRC risk factors that do not interact directly with

DNA, folate is essential for the expression of key genes, nucleotide

pool balance, DNA repair and epigenetic machinery, where folate acts

as a cofactor for the synthesis of purines and thymidylate [10]. Sub-

optimal folate intake hypothetically contributes to defective DNA

repair, hence promoting an accrual of gene mutations, genome insta-

bility, and higher CRC risk [11]. As a methyl donor, folate has a central

role in both global DNA methylation, contributing to chromosomal

stability, but also to gene-specific promoter methylation [12], acting as

a regulator of gene expression [13]. Despite folate’s role in DNA

methylation and purported role in CRC development, it is unclear

whether folate differentially impacts somatic genes involved in colo-

rectal carcinogenesis and what the general implications of folate are in

the genetic architecture of colorectal tumors.

Here, we sought to investigate the relationships between total folate

intake, and separately dietary and supplemental folic acid, and the risk

of developing CRC according to acquired somatic mutations in 105

CRC-associated genes and 6 signaling pathways. To investigate this

hypothesis, we used pooled data from case-control and cohort studies

within 2 international consortia with available tumor tissue samples.

Methods

Study participants

Our study population consisted of participants diagnosed with CRC

(cases) and controls in the Colorectal Cancer Family Registry, and

Genetics and Epidemiology of Colorectal Cancer Consortium

(GECCO), with available folate data and colorectal tumor samples (for

cases). The design of each study, selection of controls, ascertainment of

CRC cases, and the methods of data pooling and standardization has

been extensively described [14,15]. Included studies and number of

participants within each study are summarized in Supplemental

Table 1.
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CRC cases were defined as individuals who were diagnosed with an

incident tumor in the colon or rectum, as confirmed by onco-pathologic

records or provincial or state cancer registries, and/or death certificates.

Ethical approval

Each participating study was approved by relevant ethics commit-

tees or review boards pertaining to their institutions. All participants

provided informed consent at recruitment.

Data collection and harmonization

Data on socio-demographics and lifestyle were collected via in-

person interviews or structured self-administered questionnaires at

baseline in cohort studies. In case-control studies, socio-demographics

and lifestyles were collected at enrollment of control participants and

recalled at a point in time 1–2 y before diagnosis for cases. Self-

reported or measured anthropometric variables such as height and

weight were also collected, as were medical history and dietary

assessment. A multistep, iterative data harmonization procedure was

undertaken to match each study’s unique protocol and collection in-

struments. The harmonization process was conducted centrally at the

GECCO coordinating hub at the Fred Hutchinson Cancer Center, as

previously described [15,16]. In brief, common data elements (CDEs)

for variables such as sex or age or similar variables (e.g., smoking,

dietary intake variables) were defined a priori for data harmonization.

Each defined CDE is then unfolded on the basis of similarity and

compatibility/comparability across studies, hence allowing statistical

analysis across a combined dataset. Data harmonization used a dy-

namic communicative and feedback approach with data contributors to

map study questionnaires and data dictionaries to these CDEs. Com-

mon definitions, permissible values, and standardized coding were

implemented in a single database via SAS (version 9.4, SAS Institute;

RRID:SCR_008567) and T-SQL. Multiple quality-control checks were

performed, and outlying values within and between the studies were

truncated to the minimum or maximum value of an established range

for each variable. As an example, maximum height was set to 200 cm,

and any participant with reported height above this value was set to 200

cm. This approach was used to prevent outliers for becoming influential

points in the analysis.

Folate status assessment

Usual diet was assessed in each participating study using food-

frequency questionnaires or diet history questionnaires. Folate intake

was estimated within each study by linking food items consumption

and portion sizes with nutrient databases, while accounting for the

introduction of cereal grains fortification in folic acid, when applicable

(e.g., in United States studies after the year 1998) [17]. This was the

case for the Prostate, Lung, Colorectal, & Ovarian Cancer Screening

Trial. Folate intake for each participant was determined on the basis of

folate content in each food item consumed (folate from foods, in μg/d),

and folic acid (yes or no) was determined from dietary supplements

either from single or multiple supplements. We calculated total folate

(as dietary folate equivalent, in μg/d) as the sum of dietary folate and

supplemental folate (intake of supplemental folic acid multiplied by a

factor of 1.7 to account for higher bioavailability of folic acid compared

with dietary folate) [18]. To estimate supplemental folic acid, actual

quantities contained in the supplements were applied when available;

otherwise, standard folate content of commercially available folic acid

that was assumed to be 400 μg/d was used. In United States-based

studies (e.g., Women’s Health Initiative), in which the recruitment of

the participants spanned across folic acid fortification years

(1996–1998), folic acid from fortified foods was accounted for by

including 1.7 times folic acid from fortified foods to the total sum.

Before modeling, characteristics related to dietary folate and total folate

intake (μg) were energy-adjusted (dividing by total energy intake) and

categorized as sex- and study-specific quartiles.

Targeted sequencing

DNA extraction and targeted genome sequencing for somatic al-

terations was conducted as previously described elsewhere [19]. In

brief, tissue samples with <70% tumor content were macrodissected

from slides guided by hematoxylin and eosin-staining marked for the

tumor regions. DNA concentrations were determined by Quant-iT

PicoGreen dsDNA Assay or the Qubit dsDNA HS Assay kits. DNA

sequencing libraries were barcoded and then pooled in 48 or 192

samples for sequencing on a HiSeq 2500 (Illumina HiSeq 2500, Illu-

mina). Low-yield samples were topped up with additional sequencing

where needed. Using Burrows-Wheeler Aligner (BWA-MEM version

0.7.9), paired-end reads were aligned to the reference human genome

(GRCh37/hg19). On the aligned data, local realignments and base

quality recalibrations were performed. For downstream analysis, we

utilized only reads that were uniquely matched to the reference human

GRCh37/hg19 genome assembly. We identified somatic single nucle-

otide variations (SNVs) using Strelka v1.0.15 [20] and MuTect v1.1.7

[21] and used Annotate Variation (ANNOVAR) to annotate somatic

mutation calls, including additional filters such as read-depth, alter-

native read-depth, clustered read location, strand bias, and minor allele

frequency in Exome Aggregation Consortium. We plotted point mu-

tations for all samples to determine their hypermutation status, and we

noticed 2 distinct peaks. We defined hypermutation status by using the

minimum value of 23-point mutations per sample (17 mutations per

million bases) between the 2 peaks [19]. We obtained insertion/deletion

(indel) calls using majority votes from VarScan2 v2.4.349, VarDict

(Feb 2017), and Strelka v1.0.1547. After initial filtering of indels on the

basis of coverage and mutant allele frequency, we noticed some

background signals of alternative reads in normal samples. Thus, we

used read counts from tumors and normal samples to construct a

background filter to remove indel calls in a subset of samples where

signals were not significantly higher than background. We evaluated

calls for 91 indels and 96-point mutations chosen at random using

Sanger sequencing [22]. Following that, we carried out a validation

study employing Sequenom (Laboratory Corporation of America) as

an orthogonal technology for indels and point mutations. For point

mutation calls, we observed false positive and false negative rates of

0.3% and 4.1%, respectively, with a sensitivity of 95.9% and a speci-

ficity of 99.7%.

We used the data to fine-tune our calling algorithms further because

the validation for indels revealed room for improvement [19]. For a

second validation of 109 indels, subsequent Sanger sequencing

revealed 93.6% correct calls and for SNVs, we tested 84 mutations by

Sanger sequencing and showed 98.8% correct calls. On the basis of

ANNOVAR refGene annotations [23], we defined gene mutations as

the presence of nonsilent mutations. If an SNVwas annotated as exonic

and nonsynonymous, stop-gain, stop-loss, or splicing, it was consid-

ered nonsilent. If an indel was annotated as exonic and included a

frameshift deletion, frameshift insertion, in-frame deletion, in-frame

insertion, stop-gain, or stop-loss, it was considered nonsilent. A total

of 227 genes and 6 common signaling pathways (IGF2/PI3K, MMR,

RTK/RAS, TGF-β, WNT, and TP53/ATM) were tested.
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Statistical analyses

We computed odds ratios (ORs) with 95% confidence intervals

(CIs) separately for dietary folate, supplemental folic acid, and total

folate associated with CRC risk (reference category was “No” for

supplemental folic acid, and 1 μg/1000 Kcal/d increment for dietary

and total folate) using logistic regression in each study. We performed

individual patient meta-analysis to calculate OR and 95% CI for folate

variables and CRC in all participants.

The statistical analysis for the associations of folate variables and

CRC by genetic subtypes is summarized in Figure 1. We used multi-

nomial logistic regression models and pooled individual-level data to

compute ORs (95% CIs) for the association between dietary folate,

supplemental folic acid, and total folate and the risk of CRC according

to mutated and nonmutated gene status of cases compared with control

participants. In case-only analyses, logistic regression models were

analyzed to examine heterogeneity of folate variables associations

between mutated compared with nonmutated tumors, using P value of

the differential association as P for heterogeneity. Only these P values

are presented from the case-only analyses, following a consistent

pattern of presentation in other relevant GECCO publications

[24–27].We considered P values <0.05 as nominally significant. We

conducted the analyses separately for hypermutated and non-

hypermutated tumors. The rationale for the separate consideration of

hypermutated and nonhypermutated tumors was motivated by the fact

that hypermutated tumors exhibit a different behavior, because they are

more likely to arise in right-sided colon, are less likely to be diagnosed

at stage IV, and have more favorable CRC-specific survival than

nonhypermutated tumors [19]. Among nonhypermutated tumors, the

analyses were restricted to the genes mutated in �5% of total cases,

whereas in hypermutated tumors, the analyses were conducted in genes

mutated in �15% of the cases. Of the 227 mutated genes in hyper-

mutated tumors, 93 genes reached the 15% threshold and were

included in our analyses, whereas in nonhypermutated tumors, 12

genes reached the threshold of 5% of mutated cases and were included

in our analyses. The rationale to restrict the analyses to this set of genes

was to streamline the analysis to the most important genes with suffi-

cient statistical power. Previous investigations in GECCO demon-

strated that hypermutation is driven by mutations in more genes and

displayed more alterations in multiple pathways, compared with non-

hypermutation status, which is driven by fewer genes [19]. Therefore,

for each gene, we calculated the percentage of mutated cases over

nonmutated cases, separately in hypermutated and nonhypermutated

tumors and retained only genes that passed the 15% and 5% threshold,

respectively.

We adjusted our analyses for variables selected a priori including

study (except in the meta-analyses of folate and overall CRC risk), age

(in years, continuous), sex (female or male), smoking (yes or no),

alcohol consumption (nondrinker, 1–28 g/d, �2 drinks/d; 28–42 g/d,

>2–�3 drinks/d; >42 g/d, or >3 drinks/d), physical activity (active,

inactive, or missing), family history of CRC (yes, no, or missing),

diabetes (yes, no, or missing), BMI (normal, overweight, obese, or

missing), and dietary intakes of fiber (g/d; continuous), processed meat

(servings/d; continuous), fruits (servings/d; continuous), and vegeta-

bles (servings/d; continuous). We further applied Benjamini–Hochberg

false discovery rate control at 0.05 to account for multiple testing. All

analyses were performed using R version 4.1.2 (R Project for Statistical

Computing, RRID:SCR_001905)[28].

Results

A total of 4339 CRC cases (702 had hypermutated tumors, 16.2%)

and 11,767 controls were included in the final analysis (Table 1,

Figure 2). Total folate intake was inversely associated with CRC risk

(OR: 0.93; 95% CI: 0.90, 0.96) (Figure 3). The inverse association

observed between total folate and CRC risk was driven by supple-

mental folic acid intake (OR: 0.86; 95% CI: 0.79, 0.93), and the as-

sociation was null for dietary folate intake (OR: 0.98; 95% CI: 0.95,

1.02).

In hypermutated tumors, we did not observe any difference (het-

erogeneity) in the associations between folate intake and mutational

FIGURE 1. Summary of the statistical analysis for the associations of folate variables and CRC by somatic genetic subtypes. The approaches used for the

statistical analyses for the associations between dietary folate, supplemental folic acid, and total folate by genetic subtypes was presented. CRC, colo-

rectal cancer.
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status of the evaluated genes after accounting for multiple testing (All

Q-values > 0.05) (Supplemental Tables 2–4). Nevertheless, when we

considered a nominal association threshold (P < 0.05), we found

heterogeneity with dietary folate and 3 genes [chromodomain-helicase-

DNA-binding protein 1 (CHD1); tet methylcytosine dioxygenase 2

(TET2); and zinc finger protein 521 (ZNF521)], supplemental folic acid

and 4 genes [beta-2-microglobulin (B2M); dedicator of cytokinesis 3

(DOCK3); Fibulin 2 (FBLN2); polymerase delta 1 (POLD1)], and total

folate with 6 genes [axin 2 (AXIN2); BCL6 corepressor (BCOR);

mitogen-activated protein kinase kinase kinase 21, MAP3K21; ryano-

dine receptor 1 (RYR1); small subunit processome component 20

(UTP20); and ZNF521) (Table 2). The associations between folate

variables and CRC risk were mostly inverse or toward the null, irre-

spective of the mutation status of the genes tested. However, for a few

genes, folate variables were positively associated with mutated gene

status, whereas inverse or null associations were found for the non-

mutated genes. These were observed for 3 genes: ZNF521 (total and

dietary folate), CHD1 (total folate), and DOCK3 (supplemental folic

acid). The highest OR was noted for supplemental folic acid intake in

relation to DOCK3-mutated CRC risk (OR: 1.88; 95% CI: 1.09, 3.25).

No significant differential associations were observed for non-

hypermutated tumors (Supplemental Tables 5–7). The associations

with dietary folate were nonsignificant for all tested pathways in both

hypermutated and nonhypermutated tumors (Table 3). Supplemental

folic acid and similarly total folate showed null or inverse associations

for the pathways. Overall, we did not observe any differential associ-

ations for the pathways tested. We also did not observe any significant

associations of folate variables and CRC risk according to mutation

burden of the tumors (hypermutated compared with nonhypermutated)

(Supplemental Table 8).

Discussion

Using data from 2 large consortia, we observed inverse associations

between supplementary folic acid and total folate and CRC risk. We did

not observe differential associations according to mutation status in the

105 tested genes and 6 signaling pathways, after correcting for multiple

testing. Nonetheless, we observed some indication of nominal signif-

icance with 1 or more folate variables being differentially associated

with CRC according to somatic mutations in AXIN2, B2M, BCOR,

CHD1, DOCK3, FBLN2, MAP3K21, POLD1, RYR1, TET2, UTP20,

and ZNF521. The associations between folate and CRC were mostly

inverse or toward the null, except for DOCK3-, CHD1-, and ZNF521-

mutated tumors for which we observed positive associations.

The inverse associations observed between total folate intake and

CRC risk have been reported in previous epidemiologic studies and

summarized in meta-analyses [8,9]. Folate may mitigate genetic and

epigenetic changes by preventing global DNA hypomethylation, and

genome instability [29]. Zsigrai et al. [30] have demonstrated that the

effect of folic acid supplementation influences the genetic and epige-

netic of CRC cell lines, and more importantly differentially targets

several genes, hence could contribute to differential associations by

molecular subtypes of the tumors. This is supported by experimental

data from animal and mechanistic studies showing the relationship

between folate intake and DNA repair and mutation rates in colonic

tissues [10]. Folate has been shown to modulate the expression of genes

involved in colonic cell cycle and various signaling pathways in in

vitro experimentation [31]. Similar findings were also reported by

Schernhammer et al. [32], who showed that folate intake was inversely

associated with the incidence of long-interspersed nucleotide element-1

(LINE-1) hypomethylated colorectal tumors, whereas LINE-1--

hypermutated tumors showed null associations further stressing the

role of folate deficiency in specific carcinogenic mechanisms. In

addition, the association between folate and CRC has been reported in

cell lines analysis to be differential in DNA-repair-associated genes

[33]. Nevertheless, previous epidemiologic studies have not shown

differential associations between folate intake and CRC risk by BRAF,

or KRAS status in 3 United States cohort studies i.e., the Iowa Women’s

Health Study, the Nurses’ Health Study and the Health Professional

Follow-up Study [34,35]. Overall, previous experimental studies have

suggested that the role of folate in CRC may be gene- or

TABLE 1

Characteristics of the study case and control populations

Cases, N ¼ 4339 Controls, N ¼ 11,767

Age, y 66.2 � 12.0 67.3 � 11.5

Sex, n (%)

Female 2768 (63.8) 8153 (69.3)

Male 1571 (36.2) 3614 (30.7)

Family history of CRC, n (%)

No 3338 (76.9) 9820 (83.5)

Yes 727 (16.8) 1226 (10.4)

Missing 274 (6.3) 721 (6.1)

Smoking, ever, n (%)

No 2146 (49.5) 6354 (54)

Yes 2193 (50.5) 5413 (46)

Alcohol, n (%)

Nondrinker 2200 (50.7) 5676 (48.2)

1–28 g/d (1 to �2 drinks/d) 1620 (37.3) 5108 (43.4)

>28 g/d (>2 drinks/d) 414 (9.5) 596 (5.1)

Missing 105 (2.4) 387 (3.3)

Physical activity, n (%)

Inactive 419 (9.7) 1962 (16.7)

Active 784 (18.1) 2324 (19.8)

Missing 3136 (72.3) 7481 (63.6)

BMI, n (%)

Normal 1534 (35.4) 4690 (39.9)

Overweight 1694 (39.0) 4553 (38.7)

Obese 987 (22.7) 2237 (19.0)

Missing 124 (2.9) 287 (2.4)

Diabetes, n (%)

No 3827 (88.2) 10,878 (92.4)

Yes 427 (9.8) 837 (7.1)

Missing 85 (2) 52 (0.4)

Tumor location

Colon 3224 (74.3) NA

Rectum 1115 (25.7) NA

Tumor stage, n (%)

Stage I or local 919 (21.2) NA

Stage II/III or regional 2556 (58.9) NA

Stage IV or distant 409 (9.4) NA

Missing 455 (10.5) NA

Red meat, servings/d 0.80 � 0.67 0.75 � 0.6

Processed meat, servings/d 0.36 � 0.39 0.35 � 0.37

Vegetable, servings/d 2.81 � 2.09 2.71 � 1.96

Fruit, servings/d 2.02 � 1.73 2.09 � 1.62

Fiber, g/d 20.7 � 11 18.6 � 10.6

Dietary folate, μg/d 412 � 238 419 � 226

Total folate, μg/d 598 � 573 678 � 558

Supplemental folic acid, n (%)

No 1804 (41.6) 4295 (36.5)

Yes 1440 (33.2) 4217 (35.8)

Missing 1095 (25.2) 3255 (27.7)

Abbreviations: BMI, body mass index; CRC, colorectal cancer

There are no missing values for a variable, unless otherwise specified in the

table.
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pathway-specific, but observational epidemiologic studies did not

report on these findings, either by using specific genes or exploring the

associations according to broad molecular subtypes.

The genes with marginal differential associations in our study were

not previously specifically associated with folate metabolism. For

example, DOCK3 (previously known as modifier of cell adhesion or

presenilin-binding protein), a member of the DOCK180 family of

guanine nucleotide exchange factors have not been consistently re-

ported as a significant gene in folate metabolism or colorectal carci-

nogenesis. Although DOCK3 is expressed in colon tissues, it is mostly

known for its role in cytoskeleton organization and cell-matrix

modeling [36], and as such has been reportedly investigated as a

stimulator of axonal growth [37] or in conditions such as

attention-deficit hyperactivity disorder [38]. Nonetheless, DOCK3 has

been shown to be mutated in CRC tumors and might, according to a

genetic principal component analysis, serve with a panel of other genes

such as CACNA1D, SERPINB4, and ZBED6 as a subtype of CRC [39].

In this study, DOCK3 was mutated alone in our study, thus suggesting

potential specificity of this gene to be further explored. Although it is

unclear how folate differentially affects DOCK3-mutated tumors, our

findings are intriguing and warrant further investigation to validate and

explain the role of this gene in the folate–CRC association.

ZNF521 is a 30-zinc finger transcription cofactor with regulatory

functions in the regulation of hematopoietic, adipose tissue and

mesenchymal stem cells [40]. This gene has been widely reported in

experimental tissue and animal studies for its expression in the brain

and implications in brain structure development, regulatory effect of

the cerebellum development, and differentiation of striatal neurons

[41]. ZNF521 is expressed in some cancers such as myeloid leukemia,

in which it is tagged as a potential therapeutic pathway because of its

role in DNA transcription [42]. ZNF521 expression has also been

associated with the prognosis of pediatric neuroblastoma [43], gastric

cancer, CRC [44], and ovarian cancer [40]. Furthermore, it has been

linked to accelerated differentiation in cell lines such as erythroid cell

[45] or brain cells [46], whereas in other tissues such as adipose tissue it

was reported to repress differentiation of stem cells [47]. Thus, ZNF521

may act usually as a promoter or occasionally as a suppressor of

transcription and cancer risk depending on the tissue and the cellular

context. There exists growing evidence on the regulation of ZNF521 in

several cancers, and the recent advances in folate–miRNA relationships

[48] could possibly provide additional mechanistic explanation of our

finding in future studies.

Another significant finding was the significant positive association

observed between total folate with CHD1 in hypermutated tumors,

whereas a null association was found in nonhypermutated tumors.

There is no clear explanation for such differential associations and there

is a scarce amount of evidence supporting the role of folate specifically

related to CHD1’s mutation. CHD1 belongs to the family of nucleo-

some remodeling ATPases, whose role is to assemble, slide, and

remove nucleosomes from the DNA [49]. CHD1 possesses 3 domains:

N- and C-terminals that act as chromodomain pairs and DNA-binding

domain, respectively, and a central ATPase motor. The latter binds to

the active epigenetic methylation of histone 3 lysine 4 and participates

in DNA unwrapping and increases its accessibility and transcriptional

elongation [50]. It is known that CHD1 is particularly expressed in

microsatellite instability (MSI)-high colorectal tumors [51]. Moreover,

folate status has also been increasingly associated with CHD1-linked

pathways in cancers such as adenomatous polyposis coli/wingless

FIGURE 2. Flowchart of inclusion of the participants. Number of studies and participants included in the final analytical dataset.
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FIGURE 3. Forest plot for folate variables and colorectal cancer risk. Odds ratios and 95% confidence intervals for dietary folate, supplemental folic acid, and

total folate associated with colorectal cancer for each participating study.

TABLE 2

Summary associations between folate variables and colorectal cancer risk according to mutations in specific genes in hypermutated tumors

Outcome Mutated cases vs. controls Nonmutated cases vs. controls P for

heterogeneity1
BH corrected

P value2
Cases Controls OR (95% CI) P value Cases Controls OR (95% CI) P value

Dietary folate

ZNF521 96 9388 1.38 (1.02, 1.87) 0.039 534 9388 0.95 (0.83, 1.09) 0.444 0.002 0.318

TET2 126 9388 0.72 (0.54, 0.96) 0.025 504 9388 1.08 (0.94, 1.24) 0.270 0.019 0.716

CHD1 73 9388 1.48 (1.07, 2.06) 0.019 283 9388 0.92 (0.77, 1.11) 0.397 0.037 0.876

Supplemental folic acid

DOCK3 77 8970 1.88 (1.09, 3.25) 0.023 203 8970 0.63 (0.45, 0.88) 0.007 0.004 0.398

B2M 166 8970 1.20 (0.86, 1.68) 0.284 475 8970 0.67 (0.55, 0.82) <0.001 0.020 0.716

POLD1 169 8970 0.59 (0.42, 0.82) 0.002 472 8970 0.86 (0.7, 1.05) 0.128 0.026 0.716

FBLN2 120 8970 0.55 (0.37, 0.83) 0.004 521 8970 0.84 (0.69, 1.01) 0.069 0.027 0.716

Total folate

ZNF521 110 10,263 1.23 (0.93, 1.64) 0.143 592 10,263 0.82 (0.73, 0.92) 0.001 0.002 0.318

MAP3K21 42 10,263 0.45 (0.28, 0.73) 0.001 272 10,263 0.85 (0.71, 1.02) 0.075 0.005 0.398

AXIN2 178 10,263 0.69 (0.56, 0.85) 0.000 524 10,263 0.94 (0.83, 1.07) 0.348 0.008 0.509

UTP20 138 10,263 0.71 (0.55, 0.91) 0.008 564 10,263 0.91 (0.81, 1.02) 0.110 0.025 0.716

BCOR 178 10,263 0.73 (0.58, 0.9) 0.003 524 10,263 0.92 (0.82, 1.04) 0.192 0.025 0.716

RYR1 360 10,263 0.81 (0.7, 0.95) 0.008 342 10,263 0.92 (0.8, 1.07) 0.284 0.027 0.716

Units: dietary folate (μg/1000 Kcal/d), supplemental folic acid (Yes vs. No), total folate (μg/1000 kcal/d)
1 P for heterogeneity was determined in case-only analysis comparing mutated cases to nonmutated cases. The results are sorted from lowest to highest P value.
2 Benjamini–Hochberg correction applied to P for heterogeneity (Q-value).
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(APC/WNT) pathway [31]. Furthermore, CHD1 expression loss was

associated with DNA repair impairment and accumulation of DNA

breaks and CHD1 is essential for the reprogramming of somatic cells

[51]. Taken together, our findings of a differential association with a

chromatin-remodeling factor such as CHD1 [52] calls for additional

studies to further understand the link between folate’s impact at the

gene level to histone modification, chromatin remodeling, and colo-

rectal carcinogenesis.

The main strength of our study was its large sample size coupled

with the uniquely large, carefully designed panel of genes sequenced.

In addition, we took advantage of the rigorous approach to data

harmonization conducted across studies and were able to include di-

etary and supplemental folic acid in our analysis. A major limitation of

our study was that it included only participants of European ancestry;

thus, our findings may not be extrapolated to other populations.

Another limitation is that supplemental folic acid use was missing for

approximately one-fourth (27.0%) of the participants. In addition,

folate variables were collected at 1 point in time and may not take into

consideration possible changes in the diet or supplement use over the

years. Furthermore, some folate supplements may contain other B vi-

tamins, which could enhance folate’s physiologic actions. Finally, we

did not have detailed information on cancer treatment on all the par-

ticipants. Patients with rectal cancer commonly undergo neoadjuvant

treatment consisting of radiotherapy with or without chemotherapy, but

most participants with rectal cancer in our sample would have been

diagnosed before neoadjuvant treatment became the standard of prac-

tice, and thus, neoadjuvant treatments wouldn’t have impacted the

mutation profile of the tumor.

TABLE 3

Associations between folate variables and colorectal cancer risk according to signaling pathways.

Mutated cases vs. controls Nonmutated cases vs. controls P for

heterogeneity1
BH corrected

P value2
Cases Controls OR (95% CI) P value Cases Controls OR (95% CI) P value

Hypermutated tumors

Dietary folate

IGF2/PI3K 318 9388 1.06 (0.89, 1.26) 0.533 312 9388 0.95 (0.80, 1.14) 0.591 0.901 0.993

MMR 262 9388 1.05 (0.87, 1.28) 0.617 368 9388 0.98 (0.83, 1.15) 0.760 0.931 0.993

RTK/RAS 475 9388 1.06 (0.92, 1.23) 0.402 155 9388 0.83 (0.65, 1.07) 0.143 0.165 0.880

TGF-β 526 9388 0.99 (0.86, 1.14) 0.910 104 9388 1.06 (0.79, 1.42) 0.701 0.957 0.993

WNT 611 9388 0.99 (0.87, 1.13) 0.866 19 9388 1.67 (0.86, 3.25) 0.131 0.085 0.878

TP53 304 9388 0.96 (0.81, 1.15) 0.691 326 9388 1.04 (0.88, 1.23) 0.655 0.917 0.993

Supplemental folic acid

IGF2/PI3K 327 8970 0.86 (0.68, 1.10) 0.221 314 8970 0.70 (0.55, 0.89) 0.004 0.598 0.993

MMR 273 8970 0.86 (0.66, 1.12) 0.255 368 8970 0.72 (0.57, 0.91) 0.005 0.507 0.981

RTK/RAS 483 8970 0.80 (0.66, 0.98) 0.034 158 8970 0.70 (0.49, 0.98) 0.038 0.751 0.993

TGF-β 539 8970 0.77 (0.64, 0.94) 0.008 102 8970 0.80 (0.53, 1.21) 0.281 0.340 0.944

WNT 619 8970 0.78 (0.65, 0.94) 0.008 22 8970 0.58 (0.23, 1.47) 0.252 0.124 0.878

TP53 309 8970 0.70 (0.55, 0.90) 0.006 332 8970 0.85 (0.67, 1.08) 0.172 0.299 0.944

Total folate

IGF2/PI3K 351 10,263 0.98 (0.84, 1.14) 0.781 351 10,263 0.77 (0.67, 0.90) 0.001 0.801 0.993

MMR 289 10,263 0.94 (0.80, 1.11) 0.493 413 10,263 0.82 (0.72, 0.95) 0.006 0.335 0.944

RTK/RAS 529 10,263 0.90 (0.79, 1.02) 0.084 173 10,263 0.78 (0.63, 0.97) 0.024 0.477 0.981

TGF-β 586 10,263 0.87 (0.77, 0.98) 0.023 116 10,263 0.86 (0.68, 1.11) 0.247 0.196 0.887

WNT 678 10,263 0.87 (0.78, 0.97) 0.011 24 10,263 0.98 (0.55, 1.74) 0.943 0.386 0.944

TP53 342 10,263 0.84 (0.72, 0.97) 0.021 360 10,263 0.90 (0.78, 1.05) 0.179 0.793 0.993

Nonhypermutated tumors

Dietary folate

IGF2/PI3K 504 9388 0.99 (0.86, 1.15) 0.892 2194 9388 1.01 (0.93, 1.09) 0.899 0.901 0.993

MMR 72 9388 0.81 (0.55, 1.20) 0.291 2626 9388 1.01 (0.94, 1.08) 0.844 0.931 0.993

RTK/RAS 1513 9388 1.02 (0.94, 1.12) 0.614 1185 9388 0.98 (0.88, 1.08) 0.616 0.165 0.880

TGF-β 586 9388 1.00 (0.88, 1.15) 0.957 2112 9388 1.00 (0.93, 1.08) 0.979 0.957 0.993

WNT 2114 9388 0.97 (0.90, 1.05) 0.469 584 9388 1.11 (0.97, 1.26) 0.127 0.085 0.878

TP53 1666 9388 1.02 (0.94, 1.11) 0.661 1032 9388 0.98 (0.88, 1.08) 0.633 0.917 0.993

Supplemental folic acid

IGF2/PI3K 491 8970 0.83 (0.68, 1.02) 0.073 2243 8970 0.82 (0.74, 0.92) <0.001 0.598 0.993

MMR 69 8970 0.87 (0.52, 1.46) 0.594 2665 8970 0.82 (0.74, 0.91) <0.001 0.507 0.981

RTK/RAS 1495 8970 0.80 (0.71, 0.90) <0.001 1239 8970 0.86 (0.75, 0.98) 0.025 0.751 0.993

TGF-β 581 8970 0.76 (0.63, 0.91) 0.003 2153 8970 0.84 (0.76, 0.94) 0.002 0.340 0.944

WNT 2096 8970 0.79 (0.71, 0.88) <0.001 638 8970 0.93 (0.78, 1.12) 0.450 0.124 0.878

TP53 1682 8970 0.88 (0.78, 0.99) 0.033 1052 8970 0.75 (0.65, 0.86) <0.001 0.299 0.944

Total folate

IGF2/PI3K 577 10,263 0.88 (0.77, 1.00) 0.052 2607 10,263 0.92 (0.86, 0.99) 0.021 0.080 0.878

MMR 82 10,263 1.10 (0.79, 1.54) 0.577 3102 10,263 0.91 (0.86, 0.97) 0.004 0.335 0.944

RTK/RAS 1759 10,263 0.92 (0.85, 1.00) 0.042 1425 10,263 0.91 (0.83, 0.99) 0.027 0.274 0.939

TGF-β 686 10,263 0.86 (0.76, 0.97) 0.012 2498 10,263 0.93 (0.87, 1.00) 0.045 0.853 0.993

WNT 2476 10,263 0.90 (0.84, 0.97) 0.003 708 10,263 0.96 (0.86, 1.08) 0.492 0.134 0.880

TP53 1972 10,263 0.93 (0.87, 1.01) 0.075 1212 10,263 0.89 (0.81, 0.97) 0.011 0.541 0.993

Units: dietary folate (μg/1000 Kcal/d), supplemental folic acid (Yes vs. No), total folate (μg/1000 kcal/d)
1 P for heterogeneity was determined in case-only analysis comparing mutated cases to nonmutated cases. The results are sorted from lowest to highest P value.
2 Benjamini–Hochberg correction applied to P for heterogeneity (Q-value).
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In conclusion, in this large-scale analysis of folate intake in relation to

somatic mutations in CRC, we found little evidence of differential CRC

risk according to the mutational status of all the genes tested, after ac-

counting for multiple testing. Nonetheless, we observed some nominally

significant differential associations in 12 genes, including positive as-

sociations between folate intake and the risk of CHD1-, DOCK3-, and

ZNF521-mutated colorectal tumors, which warrant replication in future

studies. Overall, our findings demonstrated that the role of folate in CRC

may be far more complex than hypothesized, and dietary and supple-

mental folic acid may impact CRC risk depending on specific genes.

Author contributions

The authors’ contributions were as follows – UP, BvG, KKT, AIP:

designed research; CQ, RSS: data curation; UP, AIP, SO, LH, AET,

HB, SIB, DDB, PTC, YC, ATC, DAD, JCF, AJF, SG, PG, MG, ELG,

SBG, MJG, TAH, MH, WYH, MAJH, JRH, MAJ, BML, VM, NM,

CCN, JAN, MOS, WS, TU, CYU, SHZ, KKT, BvG, UP; conducted

research; UP, AIP, SO, LH, AET, HB, SIB, DDB, PTC, YC, ATC,

DAD, JCF, AJF, SG, PG, MG, ELG, SBG, MJG, TAH, MH, WYH,

MAJH, JRH, MAJ, BML, VM, NM, CCN, JAN,MOS, WS, TU, CYU,

SHZ, KKT, BvG: designed the methodology; UP, AIP, BvG, SH:

provided essential reagents or provided essential materials; EKA, CQ:

analyzed data or performed statistical analysis; EKA, CQ, BvG, UP,

AT, AIP, RSS, SO, HB, KTT: wrote paper; EKA, UP, KTT, BvG: had

primary responsibility for final content; and all authors: read and

approved the final manuscript.

Conflict of interest

The authors report no conflicts of interest.

Funding

The work of KKT was funded by a Wereld Kanker Onderzoek

Fonds (WKOF) and by World Cancer Research Fund International

(WCRF; IIG_FULL_2020_022) grant. Funding information for the

individual studies included are presented in Supplementary materials.

Data availability

The datasets supporting the current study have not been deposited in

a public repository because they are part of an international consortium

but are available from the corresponding author upon request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ajcnut.2024.07.012.

References

[1] E. Morgan, M. Arnold, A. Gini, V. Lorenzoni, C.J. Cabasag, M. Laversanne,

et al., Global burden of colorectal cancer in 2020 and 2040: incidence and

mortality estimates from GLOBOCAN, Gut 72 (2) (2023) 338–344, https://

doi.org/10.1136/gutjnl-2022–327736.

[2] N. Murphy, V. Moreno, D.J. Hughes, L. Vodicka, P. Vodicka, E.K. Aglago,

et al., Lifestyle and dietary environmental factors in colorectal cancer

susceptibility, Mol. Aspects Med. 69 (2019) 2–9, https://doi.org/10.1016/

j.mam.2019.06.005.

[3] E.A. Williams, Folate, colorectal cancer and the involvement of DNA

methylation, Proc. Nutr. Soc. 71 (4) (2012) 592–597, https://doi.org/10.1017/

s0029665112000717.

[4] Y.M. Chan, R. Bailey, D.L. OConnor, Folate, Adv. Nutr. 4 (1) (2013) 123–125,

https://doi.org/10.3945/an.112.003392.

[5] J.Y. Park, G. Nicolas, H. Freisling, C. Biessy, A. Scalbert, I. Romieu, et al.,

Comparison of standardised dietary folate intake across ten countries

participating in the European Prospective Investigation into Cancer and

Nutrition, Br. J. Nutr. 108 (3) (2012) 552–569, https://doi.org/10.1017/

s0007114511005733.

[6] S. Moazzen, R. Dolatkhah, J.S. Tabrizi, J. Shaarbafi, B.Z. Alizadeh, G.H. de

Bock, et al., Folic acid intake and folate status and colorectal cancer risk: a

systematic review and meta-analysis, Clin. Nutr. 37 (6 Pt A) (2018) 1926–1934,

https://doi.org/10.1016/j.clnu.2017.10.010.

[7] H. Fu, J. He, C. Li, Z. Deng, H. Chang, Folate intake and risk of colorectal

cancer: a systematic review and up-to-date meta-analysis of prospective studies,

Eur. J. Cancer Prev. 32 (2) (2023) 103–112, https://doi.org/10.1097/

cej.0000000000000744.

[8] R.C. Heine-Br€oring, R.M. Winkels, J.M. Renkema, L. Kragt, A.C. van Orten-

Luiten, E.F. Tigchelaar, et al., Dietary supplement use and colorectal cancer

risk: a systematic review and meta-analyses of prospective cohort studies, Int. J.

Cancer. 136 (10) (2015) 2388–2401, https://doi.org/10.1002/ijc.29277.

[9] K.S. Crider, T.P. Yang, R.J. Berry, L.B. Bailey, Folate and DNA methylation: a

review of molecular mechanisms and the evidence for folate's role, Adv. Nutr. 3

(1) (2012) 21–38, https://doi.org/10.3945/an.111.000992.

[10] S.W. Choi, J.B. Mason, Folate status: effects on pathways of colorectal

carcinogenesis, J. Nutr. 132 (8 Suppl) (2002) 2413s–2418s, https://doi.org/

10.1093/jn/132.8.2413S.

[11] A.J. MacFarlane, N.A. Behan, M.S. Field, A. Williams, P.J. Stover, C.L. Yauk,

Dietary folic acid protects against genotoxicity in the red blood cells of mice,

Mutat. Res. 779 (2015) 105–111, https://doi.org/10.1016/

j.mrfmmm.2015.06.012.

[12] M. van Engeland, M.P. Weijenberg, G.M. Roemen, M. Brink, A.P. de Bruïne,

R.A. Goldbohm, et al., Effects of dietary folate and alcohol intake on promoter

methylation in sporadic colorectal cancer: the Netherlands cohort study on diet

and cancer, Cancer Res. 63 (12) (2003) 3133–3137.

[13] D. Hanahan, Hallmarks of cancer: new dimensions, Cancer Discov 12 (1)

(2022) 31–46, https://doi.org/10.1158/2159-8290.Cd-21-1059.

[14] U. Peters, S. Jiao, F.R. Schumacher, C.M. Hutter, A.K. Aragaki, J.A. Baron, et

al., Identification of genetic susceptibility loci for colorectal tumors in a

genome-wide meta-analysis, Gastroenterology 144 (4) (2013) 799–807.e24,

https://doi.org/10.1053/j.gastro.2012.12.020.

[15] C.M. Hutter, J. Chang-Claude, M.L. Slattery, B.M. Pflugeisen, Y. Lin,

D. Duggan, et al., Characterization of gene-environment interactions for

colorectal cancer susceptibility loci, Cancer Res 72 (8) (2012) 2036–2044,

https://doi.org/10.1158/0008-5472.Can-11-4067.

[16] I. Fortier, P.R. Burton, P.J. Robson, V. Ferretti, J. Little, F. L'Heureux, et al.,

Quality, quantity and harmony: the DataSHaPER approach to integrating data

across bioclinical studies, Int. J. Epidemiol. 39 (5) (2010) 1383–1393, https://

doi.org/10.1093/ije/dyq139.

[17] C.B. Haas, Y.-R. Su, P. Petersen, X. Wang, S.A. Bien, Y. Lin, et al.,

Interactions between folate intake and genetic predictors of gene expression

levels associated with colorectal cancer risk, Sci. Rep. 12 (1) (2022) 18852,

https://doi.org/10.1038/s41598-022-23451-y.

[18] C.W. Suitor, L.B. Bailey, Dietary folate equivalents: interpretation and

application, J. Am. Diet. Assoc. 100 (1) (2000) 88–94, https://doi.org/10.1016/

s0002-8223(00)00027-4.

[19] S.H. Zaidi, T.A. Harrison, A.I. Phipps, R. Steinfelder, Q.M. Trinh, C. Qu, et al.,

Landscape of somatic single nucleotide variants and indels in colorectal cancer

and impact on survival, Nat. Commun. 11 (1) (2020) 3644, https://doi.org/

10.1038/s41467–020-17386-z.

[20] C.T. Saunders, W.S. Wong, S. Swamy, J. Becq, L.J. Murray, R.K. Cheetham,

Strelka: accurate somatic small-variant calling from sequenced tumor-normal

sample pairs, Bioinformatics 28 (14) (2012) 1811–1817, https://doi.org/

10.1093/bioinformatics/bts271.

[21] K. Cibulskis, M.S. Lawrence, S.L. Carter, A. Sivachenko, D. Jaffe, C. Sougnez,

et al., Sensitive detection of somatic point mutations in impure and

heterogeneous cancer samples, Nat. Biotechnol. 31 (3) (2013) 213–219, https://

doi.org/10.1038/nbt.2514.

[22] F. Sanger, S. Nicklen, A.R. Coulson, DNA sequencing with chain-terminating

inhibitors, Proc. Natl. Acad. Sci. U. S. A. 74 (12) (1977) 5463–5467, https://

doi.org/10.1073/pnas.74.12.5463.

[23] K. Wang, M. Li, H. Hakonarson, ANNOVAR: functional annotation of genetic

variants from high-throughput sequencing data, Nucleic. Acids. Res. 38 (16)

(2010) e164, https://doi.org/10.1093/nar/gkq603.

[24] A. Hidaka, T.A. Harrison, Y. Cao, L.C. Sakoda, R. Barfield, M. Giannakis, et al.,

Intake of dietary fruit, vegetables, and fiber and risk of colorectal cancer according

to molecular subtypes: a pooled analysis of 9 studies, Cancer Res 80 (20) (2020)

4578–4590, https://doi.org/10.1158/0008-5472.Can-20-0168.

E.K. Aglago et al. The American Journal of Clinical Nutrition 120 (2024) 664–673

672



[25] X. Wang, E. Amitay, T.A. Harrison, B.L. Banbury, S.I. Berndt, H. Brenner, et

al., Association between smoking and molecular subtypes of colorectal cancer,

JNCI Cancer Spectr 5 (4) (2021) pkab056, https://doi.org/10.1093/jncics/

pkab056.

[26] N. Murphy, C.C. Newton, M. Song, N. Papadimitriou, M. Hoffmeister,

A.I. Phipps, et al., Body mass index and molecular subtypes of colorectal

cancer, J. Natl Cancer Inst. 115 (2) (2023) 165–173, https://doi.org/10.1093/

jnci/djac215.

[27] S. Harlid, B. Van Guelpen, C. Qu, B. Gylling, E.K. Aglago, E.L. Amitay, et al.,

Diabetes mellitus in relation to colorectal tumor molecular subtypes: a pooled

analysis of more than 9000 cases, Int. J. Cancer. 151 (3) (2022) 348–360,

https://doi.org/10.1002/ijc.34015.

[28] R Core Team, R: a language and environment for statistical computing [Internet],

R Foundation for Statistical Computing, Vienna, Austria, 2007 [date updated: 10/

05/2024; date cited: 10/05/2024]. Available from: http://wwwR-project.org.

[29] Y.I. Kim, Folate and DNA methylation: a mechanistic link between folate

deficiency and colorectal cancer? Cancer Epidemiol. Biomarkers Prev. 13 (4)

(2004) 511–519.

[30] S. Zsigrai, A. Kalm�ar, B.K. Bart�ak, Z.B. Nagy, K.A. Szigeti, G. Valcz, et al.,

Folic acid treatment directly influences the genetic and epigenetic regulation

along with the associated cellular maintenance processes of HT-29 and SW480

colorectal cancer cell lines, Cancers (Basel) 14 (7) (2022) 1820, https://doi.org/

10.3390/cancers14071820.

[31] J.W. Crott, Z. Liu, M.K. Keyes, S.W. Choi, H. Jang, M.P. Moyer, J.B. Mason,

Moderate folate depletion modulates the expression of selected genes involved

in cell cycle, intracellular signaling and folate uptake in human colonic

epithelial cell lines, J. Nutr. Biochem. 19 (5) (2008) 328–335, https://doi.org/

10.1016/j.jnutbio.2007.05.003.

[32] E.S. Schernhammer, E. Giovannucci, T. Kawasaki, B. Rosner, C.S. Fuchs,

S. Ogino, Dietary folate, alcohol and B vitamins in relation to LINE-1

hypomethylation in colon cancer, Gut 59 (6) (2010) 794–799, https://doi.org/

10.1136/gut.2009.183707.

[33] N. Farias, N. Ho, S. Butler, L. Delaney, J. Morrison, S. Shahrzad,

B.L. Coomber, The effects of folic acid on global DNA methylation and

colonosphere formation in colon cancer cell lines, J. Nutr. Biochem. 26 (8)

(2015) 818–826, https://doi.org/10.1016/j.jnutbio.2015.02.002.

[34] E.S. Schernhammer, E. Giovannuccci, C.S. Fuchs, S. Ogino, A prospective

study of dietary folate and vitamin B and colon cancer according to

microsatellite instability and KRAS mutational status, Cancer Epidemiol.

Biomarkers Prev. 17 (10) (2008) 2895–2898, https://doi.org/10.1158/1055-

9965.Epi-08-0638.

[35] A.A. Razzak, A.S. Oxentenko, R.A. Vierkant, L.S. Tillmans, A.H. Wang,

D.J. Weisenberger, et al., Associations between intake of folate and related

micronutrients with molecularly defined colorectal cancer risks in the Iowa

Women's Health Study, Nutr. Cancer. 64 (7) (2012) 899–910, https://doi.org/

10.1080/01635581.2012.714833.

[36] A. Kashiwa, H. Yoshida, S. Lee, T. Paladino, Y. Liu, Q. Chen, et al., Isolation

and characterization of novel presenilin binding protein, J. Neurochem. 75 (1)

(2000) 109–116, https://doi.org/10.1046/j.1471-4159.2000.0750109.x.

[37] K. Namekata, C. Harada, X. Guo, A. Kimura, D. Kittaka, H. Watanabe, et al.,

Dock3 stimulates axonal outgrowth via GSK-3β-mediated microtubule

assembly, J. Neurosci. 32 (1) (2012) 264–274, https://doi.org/10.1523/

jneurosci.4884-11.2012.

[38] C.A. Markunas, K.S. Quinn, A.L. Collins, M.E. Garrett, A.M. Lachiewicz,

J.L. Sommer, et al., Genetic variants in SLC9A9 are associated with measures

of attention-deficit/hyperactivity disorder symptoms in families, Psychiatr.

Genet. 20 (2) (2010) 73–81, https://doi.org/10.1097/YPG.0b013e3283351209.

[39] H. Dashti, I. Dehzangi, M. Bayati, J. Breen, A. Beheshti, N. Lovell, et al.,

Integrative analysis of mutated genes and mutational processes reveals novel

mutational biomarkers in colorectal cancer, BMC Bioinf 23 (1) (2022) 138,

https://doi.org/10.1186/s12859-022-04652-8.

[40] S. Scicchitano, Y. Montalcini, V. Lucchino, V. Melocchi, V. Gigantino,

E. Chiarella, et al., Enhanced ZNF521 expression induces an aggressive

phenotype in human ovarian carcinoma cell lines, PLoS One 17 (10) (2022)

e0274785, https://doi.org/10.1371/journal.pone.0274785.

[41] S. Bu, Y. Lv, Y. Liu, S. Qiao, H. Wang, Zinc finger proteins in neuro-related

diseases progression, Front. Neurosci. 15 (2021) 760567, https://doi.org/

10.3389/fnins.2021.760567.

[42] G. Germano, G. Morello, S. Aveic, M. Pinazza, S. Minuzzo, C. Frasson, et al.,

ZNF521 sustains the differentiation block in MLL-rearranged acute myeloid

leukemia, Oncotarget 8 (16) (2017) 26129–26141, https://doi.org/10.18632/

oncotarget.15387.

[43] R. Wang, Q. Wang, Identification and external validation of a transcription

factor-related prognostic signature in pediatric neuroblastoma, J. Oncol. 2021

(2021) 1370451, https://doi.org/10.1155/2021/1370451.

[44] L. Li, Z.H. Liu, H.J. Wang, L. Wang, G.Q. Ru, Y.Y. Wang, ZNF521 is

correlated with tumor immune cell infiltration and act as a valuable prognostic

biomarker in gastric cancer, Gastroenterol. Res. Pract. 2022 (2022) 5288075,

https://doi.org/10.1155/2022/5288075.

[45] E. Matsubara, I. Sakai, J. Yamanouchi, H. Fujiwara, Y. Yakushijin, T. Hato, et

al., The role of zinc finger protein 521/early hematopoietic zinc finger protein in

erythroid cell differentiation, J. Biol. Chem. 284 (6) (2009) 3480–3487, https://

doi.org/10.1074/jbc.M805874200.

[46] D. Kamiya, S. Banno, N. Sasai, M. Ohgushi, H. Inomata, K. Watanabe, et al.,

Intrinsic transition of embryonic stem-cell differentiation into neural

progenitors, Nature 470 (7335) (2011) 503–509, https://doi.org/10.1038/

nature09726.

[47] E. Chiarella, A. Aloisio, S. Scicchitano, V. Lucchino, Y. Montalcini,

O. Galasso, et al., ZNF521 represses osteoblastic differentiation in human

adipose-derived stem cells, Int. J. Mol. Sci. 19 (12) (2018) 4095, https://doi.org/

10.3390/ijms19124095.

[48] E.L. Beckett, M. Veysey, M. Lucock, Folate and microRNA: bidirectional

interactions, Clin. Chim. Acta. 474 (2017) 60–66, https://doi.org/10.1016/

j.cca.2017.09.001.

[49] G. Hauk, J.N. McKnight, I.M. Nodelman, G.D. Bowman, The chromodomains

of the Chd1 chromatin remodeler regulate DNA access to the ATPase motor,

Mol. Cell. 39 (5) (2010) 711–723, https://doi.org/10.1016/

j.molcel.2010.08.012.

[50] J.M. Tokuda, R. Ren, R.F. Levendosky, R.J. Tay, M. Yan, L. Pollack, et al.,

The ATPase motor of the Chd1 chromatin remodeler stimulates DNA

unwrapping from the nucleosome, Nucleic. Acids. Res. 46 (10) (2018)

4978–4990, https://doi.org/10.1093/nar/gky206.

[51] M.S. Kim, N.G. Chung, M.R. Kang, N.J. Yoo, S.H. Lee, Genetic and

expressional alterations of CHD genes in gastric and colorectal cancers,

Histopathology 58 (5) (2011) 660–668, https://doi.org/10.1111/

j.1365–2559.2011.03819.x.

[52] A. Bulut-Karslioglu, H. Jin, Y.K. Kim, B. Cho, M. Guzman-Ayala,

A.J.K. Williamson, et al., Chd1 protects genome integrity at promoters to

sustain hypertranscription in embryonic stem cells, Nat. Commun. 12 (1)

(2021) 4859, https://doi.org/10.1038/s41467-021-25088-3.

E.K. Aglago et al. The American Journal of Clinical Nutrition 120 (2024) 664–673

673


