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Simple Summary: Folic acid (FA) participates in DNA synthesis and in DNA methylation; hence,
it has a dual role in established neoplasms. We aimed to observe this phenomenon on FA-treated
colorectal cancer cell lines (HT-29, SW480). Our results demonstrated that the maintenance processes,
namely cell proliferation, cell viability, and DNA repair, were altered in HT-29 cells for short-term FA
supplementation, while genetic and epigenetic regulations of SW480 cells were also affected. Despite
the fact that FA is a precursor molecule in methyl donor formation, DNA methylation alterations
were observed in both directions, primarily influencing the pathways of carcinogenesis. Moreover,
behind the great number of differentially expressed genes, other FA-related effects than promoter
methylation were suspected. All of our results point beyond the attributes related to FA so far.
The different response of the two cell lines is worth considering in clinical practice to facilitate the
effectiveness of therapy in the case of tumor heterogeneity.

Abstract: Folic acid (FA) is a synthetic form of vitamin B9, generally used as a nutritional supplement
and an adjunctive medication in cancer therapy. FA is involved in genetic and epigenetic regulation;
therefore, it has a dual modulatory role in established neoplasms. We aimed to investigate the effect
of short-term (72 h) FA supplementation on colorectal cancer; hence, HT-29 and SW480 cells were
exposed to different FA concentrations (0, 100, 10,000 ng/mL). HT-29 cell proliferation and viability
levels elevated after 100 ng/mL but decreased for 10,000 ng/mL FA. Additionally, a significant
(p < 0.05) improvement of genomic stability was detected in HT-29 cells with micronucleus scoring
and comet assay. Conversely, the FA treatment did not alter these parameters in SW480 samples.
RRBS results highlighted that DNA methylation changes were bidirectional in both cells, mainly
affecting carcinogenesis-related pathways. Based on the microarray analysis, promoter methylation
status was in accordance with FA-induced expression alterations of 27 genes. Our study demonstrates
that the FA effect was highly dependent on the cell type, which can be attributed to the distinct
molecular background and the different expression of proliferation- and DNA-repair-associated
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genes (YWHAZ, HES1, STAT3, CCL2). Moreover, new aspects of FA-regulated DNA methylation and
consecutive gene expression were revealed.

Keywords: colorectal cancer; folic acid; genomic stability; DNA methylation; gene expression

1. Introduction

Folate, also known as vitamin B9, is mainly found in green leafy vegetables [1]. Its
synthetic form, called folic acid (FA), is more stable chemically and has higher bioavailability
than food folates [2]. FA is often used commercially in nutritional supplements and fortified
products [3].

Folate mediates the transfer of one-carbon units for nucleotide synthesis and also for
the formation of S-adenosylmethionine (SAM), the main methyl donor molecule responsible
for most of the methylation reactions, including that of DNA [1]. Based on these facts,
folate is involved in both genetic and epigenetic regulations, thereby being essential for
normal cell growth and development [1]. Due to the dual modulatory effect, its role
in carcinogenesis is still controversial [4], but it is becoming increasingly evident that
the timing of folate supplementation is crucial [2]. Before neoplastic transformation, the
FA treatment seems to be beneficial [4] because of its protective role against nucleotide
imbalance, as well as the resulting DNA synthesis and repair defects [5]. In addition,
FA supplementation in normal tissues can prevent global DNA hypomethylation, which
is considered the hallmark of cancer by causing genomic instability [1,4]. On the other
hand, in pre-existing neoplastic cells—where DNA replication is accelerated—folate has
a conducive effect, since it serves as the precursor of nucleotides [2]; moreover, it may
silence tumor suppressor genes by methylating their promoter region [1,6]. However, folate
deficiency has the exact opposite impact to that mentioned before, both on healthy and on
cancerous tissues [1]. Besides timing, the applied FA dose also has significance for tumor
progression, as evidenced by numerous in vivo and in vitro experiments [7-12].

The colonic epithelium is considered to have one of the highest proliferation rates
in the human body [13], and as such, it has a huge folate demand [14]. This tissue is
greatly involved in tumor transformation caused by folate deficiency. As a result, the role
of vitamin B9 in carcinogenesis has been intensively studied in colorectal cancer (CRC) [15].
Nevertheless, drugs interfering with folate metabolism, such as 5-fluorouracil (5-FU), are
generally used in CRC treatment [16]. Chemotherapeutic regimens, such as FOLFIRI or
FOLFQX, include a folate derivate, namely leucovorin, to increase the effect of 5-FU [17].

The main goal of our study was to observe the independent effect of FA on an already
developed tumor by focusing on the processes in which FA has previously been reported to
be involved. Hence, we investigated genetic and epigenetic regulation with transcriptome
and methylome analyses, as well as the consequent maintenance mechanisms necessary for
tumor growth and development, namely cell proliferation, cell viability, and DNA repair.
To model the conditions of an FA-depleted diet and an adequate FA intake [8], we either
exposed CRC cells to an FA-free environment (0 ng/mL) or treated them with 100 ng/mL
FA. Additionally, we were interested in the beneficial or even adverse effects of extremely
high FA doses on the cell lines; therefore, supraphysiological concentrations (10,000 ng/mL)
were applied as well.

Since the majority of CRCs have arisen through the chromosomal instability (CIN)
pathway [18], we used two CRC cell lines, namely HT-29 and SW480, representing this
phenotype. Besides the similarity of CIN status, principal differences exist in respect of
their molecular features, which made these cell lines suitable subjects for analyzing the de-
pendency of the FA act on the genetic and epigenetic background. Among others, according
to the consensus molecular subtype (CMS) and CpG island methylator phenotype (CIMP)
classification systems, HT-29 is considered as a CMS3 (metabolic) and CIMP+, while SW480
is a CMS4 (mesenchymal) and CIMP- cell line [19-21]. Additionally, based on our previous
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whole-exome sequencing (WES) analysis [22], differences of driver mutations (HT-29: BRAF,
SW480: KRAS), as well as altering mutation profiles of methylenetetrahydrofolate reductase
(MTHFR), a key mediator gene involved in the folate cycle, were identified [22-24]. The
latter can be accounted for approximately 50% and 70% reduction in the MTHER activity
in HT-29 and SW480 cells, respectively, thereby greatly influencing the bioavailability of
the applied FA [25,26].

2. Materials and Methods
2.1. Cell Cultures

HT-29 (ATCC HTB-39) and SW480 (ATCC CCL-228) human colon adenocarcinoma cell
lines were cultured in RPMI 1640 medium (LM-R1641, Biosera, Ringmer, UK) containing
10% fetal bovine serum (Biosera), 80 mg/2 mL gentamycin (Sandoz GmbH, Kundl, Austria),
and 2 mM L-glutamine (Biosera). Cells were maintained at 37 °C in a 5% CO, humidified
atmosphere.

Prior to FA treatment, 1.25 x 10° cells were seeded in triplicate in each well of a 6-well
plate (Sarstedt, Niimbrecht, Germany) and incubated for 24 h in 2.5 mL growth media.
For proliferation and viability assays, 96-well plates (Sarstedt) were used, and cells were
seeded with a density of 3 x 10° cells/well in 100 uL media.

Following the 72 h long incubation period, washing with 1x phosphate-buffered
saline (PBS) was performed 3 times, and the culture media were changed to FA-free
RPMI 1640 (LM-R1642, Biosera). FA-depleted cells (HT-29y, SW480,) were kept in this
type of media without any additional substances. Chronic supplementation can provide
approximately 100 ng/mL FA concentration in human blood serum [8], and we determined
the supraphysiological dose as 100 times this value; therefore, 100 ng/mL (HT-291q,
SW4801¢9) and 10,000 ng/mL (HT-2919 000, SW48010,000) FA concentrations were applied.
According to the manufacturer’s instruction, FA (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in 1M NaOH before it was added to the medium. After 72 h, cells were
harvested with TrypLE Express (Thermo Fisher Scientific, Carlsbad, CA, USA), then they
were counted to monitor cell proliferation. Trypan blue dye exclusion technique was
applied to monitor cell viability. Treatment with only 1 M NaOH was also carried out in the
same amount used in the case of FA supplementation to detect its individual effect on the
cells. The results of control samples were subtracted from those treated with FA in order to
optimize the final values. The raw data of Figures 1, 2 and 3a,b can be found in Table S1.

2.2. Cell Viability and Proliferation Analysis with alamarBlue and Sulforhodamine B Assays

Cell viability was measured with alamarBlue. The obtained results refer to the activity
of the electron transport chain; hence, it is a so-called indicator of cell health. Furthermore,
Sulforhodamine B (SRB) assay was used for cell proliferation detection, as it can estimate
the protein mass of cultured cells.

AlamarBlue (Thermo Fisher Scientific) was added to the wells 4 h prior to the 72 h
long incubation period. Next, the fluorescence was measured in the 570-590 nm range for
cell viability detection using a fluorimeter (Fluoroskan Ascent FL Microplate Fluorometer
and Luminometer, Thermo Fisher Scientific).

Following the measurement, we carried out Sulforhodamine B assay on the same
plate to detect cell proliferation changes. First, cells were fixed using trichloroacetic acid
for 1 h at 4 °C, then washed with tap water. Dyeing was performed with 50 pL 0.4% m/v
sulforhodamine B solution for 15 min at room temperature (RT), and the unbound dye
was removed with 1% v/v acetic acid. After air drying, 150 pL of 10 mM, unbuffered tris
base was added to the wells, and the samples were shaken thoroughly. Finally, absorbance
was measured with a microplate reader at 570 nm wavelength using Transmit software
(Multiskan MCC 355, Thermo Fisher Scientific). The percentage of cell viability and cell
proliferation was compared to the samples kept in the RPMI 1640 growth media. One-way
ANOVA, followed by Tukey’s multiple comparisons test, was applied to assess statistical
significances (p < 0.05) using Prism 8.0.2 software (GraphPad, San Diego, CA, USA).
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2.3. Cell Cycle Analysis with Flow Cytometry

After harvesting around 1 x 106 HT-29 and SW480 cells, 1 x PBS washing was pet-
formed, and cells were fixed by keeping them at —20 °C in 70% ethanol overnight. The
next day, the samples were centrifuged, and the pellets were resuspended with 1x PBS.
Following RNase (Thermo Fisher Scientific) treatment for 15 min, 2 puL propidium iodide
(2 mg/mL) (Sigma-Aldrich) was added to the samples. FACSCalibur bench-top flow cy-
tometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and CellQuest Pro
software (Becton, Dickinson and Company) were used to measure the samples and analyze
the results. Statistical significances (p < 0.05) were assessed by two-way ANOVA followed
by Tukey’s multiple comparisons tests using Prism 8.0.2 software (GraphPad).

2.4. Genomic Stability Detection with Micronucleus Scoring

Micronucleus scoring was applied to detect the level of genetic damage via the anal-
ysis of chromosomes or their fragments that lagged behind during cell division. HT-29
and SW480 cells were grown on glass coverslips, placed into 6-well plates, as described
before by Valcz et al. [27], and, following a 24 h long incubation period, we performed
the FA treatment. Cells were fixed with 10% buffered formalin for 10 min at 4 °C, and
permeabilization was carried out with 0.2% Triton-X-100 for another 10 min at RT. Anti-y-
H2AX antibody (ab26350, Abcam, Cambridge, UK) (1 h; 1:150 dilution; RT; anti-mouse)
labeled with Alexa 488 (Invitrogen, Carlsbad, CA, USA) (30 min; 1:200 dilution; RT) was
used for y-H2AX detection in the micronuclei. Cell nuclei and micronuclei were stained
with DAPI staining (Thermo Fisher Scientific) (5 min; 1:1000 dilution; RT). Washing with
1x PBS was performed 3 times between each step of the immunostaining. Slides were
digitized in 21 Z-axial confocal layers of 0.4 um focus steps using Pannoramic Confocal
scanner (3DHISTECH Ltd., Budapest, Hungary), and an area containing at least 4000 cells
per sample was analyzed. CellQuant tool of CaseViewer software (3DHISTECH) was
applied to count micronucleus (MN) numbers and to obtain the percentage of cells with
MN. The range within the MN number was detected was in line with the data of previous
studies [28,29]. Frequently detected chromatin-containing nuclear blebs, which were not ev-
idently separated from the nuclei, were excluded from the analysis. Statistical significances
(p < 0.05) were evaluated by one-way ANOVA followed by Tukey’s multiple comparisons
test using Prism 8.0.2 software (GraphPad).

2.5. Genomic Stability Detection with Comet Assay

Comet assay was used for the detection of DNA strand breaks, since free DNA
segments have increased migration speed during electrophoresis. At the end of the 72 h
long FA treatment period, we removed the cells from the bottom of the plate with a rubber
policeman, then washed the samples with Dulbecco’s PBS (Sigma-Aldrich). The Comet
Assay Kit (Abcam) was applied according to the manufacturer’s protocol with a minor
modification: original slides were replaced with agarose-coated Superfrost Ultra Plus
slides (Thermo Fisher Scientific). Single-cell electrophoresis was performed in alkaline
electrophoresis solution at 150 mA for 45 min. Vista Green Dye (Abcam) was used to stain
the DNA. Comets were captured by an AxioCam camera (Carl Zeiss AG, Oberkochen,
Germany) attached to a fluorescence microscope (Carl Zeiss AG). At least 50 cells/sample
were analyzed using Comet Score software, and tail DNA% was defined as the ratio of tail
DNA and cell DNA length. Statistical analyses were carried out using Prism 8.0.2 software
(GraphPad), and significances (p < 0.05) were assessed by one-way ANOVA test followed
by Tukey’s multiple comparisons test.

2.6. DNA Methylation Analysis with LINE-1 Pyrosequencing

DNA isolation was performed with High Pure PCR Template Preparation Kit (Roche,
Mannheim, Germany). Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific) was used
on Qubit 1.0 fluorometer (Thermo Fisher Scientific) for measuring the concentration of the
extracted DNA; then, samples were stored at —20 °C for later analyses. Bisulfite conversion



Cancers 2022, 14, 1820

50f17

of 100 ng DNA was performed with EZ DNA Methylation-Direct Kit (Zymo Research,
Orange, FL, USA). PyroMark PCR Kit (Qiagen, Hilden, Germany) was used to amplify a 146-
basepair-long region of long interspersed nuclear element 1 (LINE-1) retrotransposon, and
the PCR product was visualized with gel electrophoresis using 2% agarose gel. According to
the instructions of PyroMark Q24 CpG LINE-1 Handbook (Qiagen), samples were prepared
for pyrosequencing on a PyroMark Q24 Vacuum Workstation (Qiagen). Pyrosequencing
was performed by PyroMark Q24 System (Qiagen), and LINE-1 methylation level was
quantified with PyroMark Q24 Software (Qiagen). The mean methylation level of three
LINE-1 CpG (cytosines followed by guanine residues) sites was interpreted as the global
DNA methylation level of the given sample. Two-way ANOVA followed by Tukey’s
multiple comparisons test was applied to determine statistical significances (p < 0.05) using
Prism 8.0.2 software (GraphPad).

2.7. DNA Methylation Analysis with Reduced Representation Bisulfite Sequencing

The isolated DNA from HT-29 and SW80 cells kept in 0 and 10,000 ng/mL FA-
containing media was used for genome-wide methylation profile analysis with Premium
Reduced Representation Bisulfite Sequencing (RRBS) Kit (Diagenode Diagnostics, Seraing,
Belgium). After enzymatic digestion, ends preparation, adaptor ligation, and size selection,
the samples were quantified with qPCR. Based on their Ct value, 2 pools were created.
Following the bisulfite conversion and amplification steps, DNA was quantified with Qubit
1.0 Fluorometer using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific). Then, quality
control was performed with Agilent 2100 Bioanalyzer using Agilent High Sensitivity DNA
Kit (Agilent Technologies, Santa Clara, USA). The samples were prepared according to
the Next Seq System Denature and Dilute Libraries Guide (Illumina, San Diego, USA),
then transferred to NextSeq 500/550 High Output Sequencing kit v2 (75 cycles) (Illumina).
Finally, we used NextSeq 500 instrument (Illumina) for sequencing. Sequencing data were
assembled into single FASTQ files by merging the results of different sequencing lanes. As
a quality assessment step, fastQC [30] was run on all resulting FASTQ files. Adapter and
quality trimming was performed with Trim Galore, with default settings optimized for
Bisulfite-Seq files. Prior to alignment, the hg38 version of the human reference genome
was bisulfite converted in silico and indexed using the Bismark software [31]. Alignment
and methylation calling were performed by the same software with default parameter
values. The lists of differentially methylated sites (DMSs), along with CpG content and
coverage histograms in sample pairs, were obtained with the methylKit R package [32].
The default “SLIM” method was used for multiple testing correction. The list of potential
DMSs was filtered out if either the methylation difference between the two compared
samples was below 15%, or the g-value of the comparison was above 0.05. Annotation
of DMSs was performed using the appropriate annotation databases downloaded from
the UCSC Genome Browser website [33]. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was performed using The Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8 tool [34]. The top 10 KEGG pathways
significantly (p < 0.05) enriched for DMSs in both cell lines were determined and later
illustrated with heatmaps.

2.8. Whole Genomic Expression Analysis with Microarray

HT-29 and SW480 cells kept in the FA-free medium or treated with 10,000 ng/mL
folate were involved in this evaluation. Harvested cells were washed with 1x PBS; then,
following a centrifugation step, pellets were resuspended with 350 uL RLT buffer containing
-mercaptoethanol. Total RNA was purified with RNeasy Mini Kit (Qiagen), and isolated
RNA concentration was measured with Qubit 1.0 fluorometer using RNA HS Assay Kit
(Thermo Fisher Scientific). Agilent 6000 Pico Assay Kit on Agilent 2100 Bioanalyzer system
(Agilent Technologies) was used for determining the integrity of RNA. Samples with
a higher RNA integrity number (RIN) than 8 were applied for further analysis. Using
GeneChip WT PLUS Reagent Kit (Thermo Fisher Scientific), amplification, quantification,



Cancers 2022, 14, 1820

60of 17

fragmentation, and terminal labeling were performed, followed by target hybridization to
HTA 2.0 microarray (Human Transcriptome Array 2.0, Affymetrix, Santa Clara, CA, USA)
according to the manufacturer’s instructions. Washing, staining, and scanning steps were
performed as previously described by Kalmar et al. [35].

The signal space transformation—robust multi-array average (SST-RMA) algorithm
was applied for background subtraction, normalization, and signal summarization. Gene
expression alterations were evaluated using Transcriptome Analysis Console 4.0 (TAC 4.0,
Affymetrix) software. Transcript IDs showing significant alterations (p < 0.05) with a fold
change (FC) equal or greater than 1.5 and equal or lower than —1.5 were annotated with
Ensembl Genome Browser BioMart and used for further analyses. We obtained the normal-
ized log?2 values from the TAC 4.0 software, and with the use of the “prcomp” package of
R, we performed principal component analysis (PCA). Protein—protein interaction (PPI)
networks of differentially expressed genes were built with the StringApp of Cytoscape
software. Color coding was applied for indicating the expression level of the genes (dark
blue: FC < -2, light blue: FC > —2 and < —1.5, light red: FC > 1.5 and < 2, dark red:
FC > 2). Top 10 genes showing significant (p < 0.05) up- and downregulation, as well as
genes with a promoter methylation status alteration in accordance with their expression
level (p < 0.05 and fold change > 11.51), were visualized with volcano plots using TAC
4.0. Finally, Protein Analysis Through Evolutionary Relationships 16.0 classification sys-
tem (PANTHER 16.0) was applied for determining the molecular pathways in which the
affected genes were involved.

3. Results
3.1. Effect of Folic Acid Treatment on Cell Proliferation, Cell Viability, and Cell Cycle

As a first step, we examined the results of FA treatment on the proliferation of two
CRC cell lines using SRB assay (Figure 1a). In HT-29 cells, the highest proliferation rate
was detected following 100 ng/mL FA supplementation (HT-291gp: 128.43 £ 24.94%).
Meanwhile, FA depletion (HT-29y: 101.25 &£ 13.53%) and 10,000 ng/mL FA concentration
(HT-2919 000: 86.06 £ 20.75%) caused significant (p < 0.05) reduction compared to this value.
By contrast, remarkable alterations were not observed in SW480 cell line for different FA
supplies (SW480y: 90.96 =+ 9.72%, SW4801¢g: 88.75 £ 2.69%, SW4801¢ goo: 84.15 £ 10.67%).

The tendency of cell viability was analogous to the results detected during cell pro-
liferation analyses (Figure 1b). In HT-29 cells, the values were decreased in the case
of FA depletion (HT-29y: 91.57 £ 13.27%) and also for supraphysiological (HT-2910,go:
64.06 £ 20.24%) treatment compared to 100 ng/mL FA level (HT-2910p: 115.81 + 30.88%).
However, in SW480 cells, the viability was around 90%, independent of the applied FA
dose (SW480g: 90.22 + 9.55%, SW4801¢g: 90.05 % 5.03%, SW48019 000: 89.72 &+ 11.22%).

In order to examine how FA treatment affects the cell cycle, fluorescence-activated
cell sorting (FACS) measurement was performed. The proportion of cells in the different
cell cycle phases was specific to the given cell type, with a G0/1 phase dominance in
HT-29 and an S phase dominance in SW480 cells. Interestingly, it was not affected by
any treatment conditions (an average of all HT-29 samples: 62.51 & 4.76% in the GO/G1,
17.90 £ 4.32% in the G2/M, and 19.59 £ 2.12% in the S phase; an average of all SW480
samples: 41.31 £ 1.60% in the G0/G1, 0.81 &£ 0.66% in the G2/M, and 57.88 &£ 1.59% in the
S phase).
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Figure 1. (a) Cell proliferation and (b) cell viability alterations of HT-29 and SW480 colorectal cancer
cell lines following different folic acid (FA) supplies. Sulforhodamine B (SRB) was used for cell
proliferation detection (* p < 0.05, *** p < 0.001), while cell viability data were obtained by alamarBlue
assay (** p < 0.01). FA-depleted cells were kept in media containing 0 ng/mL FA, whereas treated
cells were exposed to 100 and 10,000 ng/mL FA for 72 h. The percentages of cell proliferation and
viability were given relative to samples kept in the normal growth media. FA: folic acid.

3.2. Effect of Folic Acid Treatment on Genomic Stability

We analyzed genomic stability alterations affected by FA treatment with MN scoring
(Figure S1) and comet assay (Figure S2). According to immunocytochemistry (Figure 2a),
0.56 = 0.05% of the HT-29 cells proved to have MN in the FA-depleted environment,
while, as a result of FA treatment, this value significantly (p < 0.01) decreased (HT-2910:
0.17 £ 0.05%, HT-2919,000: 0.25 £ 0.09%). On the other hand, 0.79 £ 0.10% SW480 cells
kept in FA-free medium had MN, and the ratio was barely affected by the FA treatment
(SW4801002 0.74 + 0.070/0, SW48010/0002 0.77 + 0.160/0).

Besides DAPI staining, anti-y-H2AX antibody was applied, and the rate of micronuclei
showing vy-H2AX positivity compared to all micronuclei was determined. Approximately
79% of these particles were y-H2AX positive, independent of the cell type or the treatment
condition (HT-29: 76.68 + 3.54%, SW480: 80.35 £ 6.46%).

In the case of comet assay, the percentage of DNA in the comet tail was the parameter
used to describe DNA damage (Figure 2b). In FA-depleted HT-29 cells, tail DNA was
37.35 % 3.45%, which was even higher in SW480 cells with a 58.79 + 0.83% rate. Following
FA supplementation, a reduction in comet tail length could be observed in HT-29 sam-
ples (HT-291¢g: 31.23 £ 3.41%, HT-2910,90: 20.07 £ 3.59%), while in FA-treated SW480
cells, prominent alterations were not detected (SW480;¢g: 59.84 + 1.89%, SW48010,000:
58.24 £ 2.56%).

3.3. Effect of Folic Acid Treatment on DNA Methylation

FA is involved in the DNA methylation process; thereby, the analysis of its alterations
was needed. The methylation levels of three LINE-1 CpG sites were summarized (Figure 3a)
and also visualized individually (Figure 3b) to assess global DNA methylation. Although
HT-29 cells had an 11.59% higher DNA methylation level than SW480 samples, remarkable
changes could not be detected for FA supplementation in any of the cell lines (HT-29:
59.30 = 2.90%, HT-2910¢: 61.68 == 4.17%, HT-2910,000: 60.42 & 2.12%; SW480y: 48.76 + 4.93%,
SW480199: 49.15 % 6.13%, SW48010,000: 48.73 + 7.27%).
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Figure 2. Genomic stability detection of HT-29 and SW480 cells exposed to different folic acid (FA)
concentrations (0, 100, 10,000 ng/mL). (a) Micronucleus (MN) scoring was performed on DAPI- and
anti-y-H2AX-stained slides. Left: We obtained the results by proportioning the cells with MN with
all cells counted (** p < 0.01, *** p < 0.001). Right: Representative y-H2AX-positive micronuclei are
indicated with arrows. (b) DNA integrity was evaluated with comet assay, additionally. Left: Graphs
show the changes in genomic stability in consideration of comet tail DNA percentage (* p < 0.05).
Right: Characteristic comets of both cell lines were captured following different treatments. FA:
folic acid.

Next, we determined DNA methylation changes with RRBS in order to compare
the genome-wide methylome map of FA-depleted and 10,000 ng/mL FA-treated samples.
Following FA supplementation, the number of genes with methylated (HT-29,yper: 1436,
SW480pyper: 1368) and unmethylated (HT-29,yp0: 1368, SW480pyp,: 1370) CpG sites was
similar within a cell line and between the two cell types as well (Figure 3c). KEGG
enrichment analysis revealed that genes that underwent methylation changes following the
FA treatment were dominantly associated with carcinogenesis in both cell lines (Figure 3d).
The gene numbers in different pathways were within the range of 40-117. Based on the
localization of DMSs in distinct chromosomal states, the heterochromatin or low signal
regions (HT-29: 27.57%, SW480: 31.61%) along with active (HT-29: 22.29%, SW480: 20.29%)
and weak (HT-29: 18.57%, SW480: 17.81%) promoter sequences were mainly represented
(Figure 3e).
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Figure 3. DNA methylation analysis of HT-29 and SW480 cell lines exposed to different folic acid (FA)
concentrations. The methylation levels of long interspersed nuclear element 1 (LINE-1) CpG positions
(pos 1, pos 2, pos 3) were (a) summarized and also (b) visualized individually to detect global DNA
methylation changes. With the use of Reduced Representation Bisulfite Sequencing (RRBS) method, a
genome-wide methylome profile of 10,000 ng/mL FA-treated cells was established in the comparison
of cells kept in FA-free (0 ng/mL FA) media. (c) Firstly, the number of genes with altered methylation
in the investigated CpG sites was assessed. “Hyper” and “hypo” sections indicate the number of
genes with methylated and unmethylated CpG sites, respectively. The intersection of these two
categories refers to the genes that possess both methylated and unmethylated CpG dinucleotides.
(d) Heatmap shows the top 10 significantly (p < 0.05) enriched Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways with the number of differentially methylated genes. (e) Pie charts
represent the localization of differentially methylated sites (DMS) in distinct chromatin states. FA:
folic acid; pos: CpG position; hyper: hypermethylation; hypo: hypomethylation; DMSs: differentially
methylated sites; heterochrom/lo: heterochromatin or low signal region; txn: transcription; CNV:
copy number variation; KEGG: Kyoto Encyclopedia of Genes and Genomes.

3.4. Effect of Folic Acid Treatment on Gene Expression

Folate can influence gene expression through its interplay in epigenetic modifications.
Microarray analysis of non-treated and 10,000 ng/mL FA-treated cells was performed to
investigate the above-mentioned phenomenon. We focused on transcripts owning gene
symbols, according to Ensemble BioMart annotation, that showed significant alterations
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with a fold change (FC) equal or greater than 1.5 and equal or lower than —1.5. Following
FA supplementation, genes with decreased expression predominated mainly in HT-29
cells (HT-29: 78.82% down- and 21.18% upregulation, SW480: 60.60% down- and 39.40%
upregulation) (Figure 4a). However, the number of altering genes (HT-29: 458, SW480:
769) (Figure 4a) and also the extent of the alterations analyzed with PCA (Figure S3) were
higher in the SW480 cell line. Moreover, according to PPI networks constructed by STRING,
the predicted functional associations of proteins encoded by these genes were also more
complex (HT-29: 113 nodes and 82 edges, SW480: 186 nodes and 221 edges). In HT-29 cells,
YWHAZ (11 edges), while in SW480, TNF (27 edges) were the hub proteins based on the
number of neighbors (Figure 4b).

In HT-29 cells, two transcripts (TC03001071.hg, TC03002732.hg) detecting the HES1
gene showed the greatest increase in their expression level after FA treatment (FC: 4.98 and
3.27), followed by FAM210B, TUBBP6, MAPKAP1, and TMEM185A (FC: 2.85, 2.65,2.49, 2.42,
respectively). On the other hand, FAM95B1 detected by two transcripts (TC01003063.hg,
TC09001384.hg) was the most predominantly downregulated gene (FC: —3.15 and —3.15) in
this cell line along with LINC01783, LINC00905, TMOD?2, and MIR450A2 (FC: —3.09, —2.34,
—2.24, —2.17, respectively). In the SW480 cell line, SLC7A11 had the highest expression
change in response to FA supplementation with a 5.12 FC, and the following four genes
(RNU1-2, KRTAP2-3, RNY5, and RUNX1-IT1) showed higher than 3 FC (4.12, 3.40, 3.18,
3.13, respectively). The greatest gene expression decrease was observed in the CCL2 gene
(FC: —5.90), then in CIC, SNORA38B, H4C12, and 5s ribosomal RNA genes or pseudogenes,
such as RNA5S1, RNA55P150, RNA5SP226, and RNA5SP389 (FC: —4.22, —4.01, —3.76,
—3.72, respectively) (Figure 4c; Table S2). In the common set of HT-29 and SW480 cells,
seven genes, namely LOC727896, LOC105371030, RN7SL677P, RPPH1, SEFN, TNFSF10, and
TXNIP were included based on our criteria (p < 0.05 and FC > [1.51).

According to the PANTHER classification system, the “platelet-derived growth factor
(PDGF) signaling” pathway was the one wherein most of the analyzed genes (p < 0.05
and > 11.51 FC) of HT-29 cells were represented (SRGAP1, SRGAP2, SRGAP2B, SRGAP2C,
STAT3, RAB11B, and FOSB). In addition, all of these genes were overexpressed after
FA treatment. Concerning SW480 cells, the “inflammation mediated by chemokine and
cytokine signaling” pathway was mostly affected by FA treatment, as five genes (CCL2,
CCL7, CCL20, ITGA2, and PLCG2) were involved. Except for ITGA2, all genes showed
downregulation for FA supplementation.

Finally, RRBS and HTA data were linked as we evaluated the expression level of genes
possessing DMSs within the promoter region. Promoter methylation caused downregu-
lation of four (NABP1, ATG16L1, RPPH1, and TCEAL1T) and five (EIF4G2, RAB31, NEU3,
SESN3, IFI6) genes in HT-29 and SW480 cells, respectively. Meanwhile, hypomethylation of
the promoter region corresponded with upregulation of 10 genes (TUBB2B, BIVM, SLC39A8,
SKIL, TMBIM6, DHRS3, ROR1, LGALS3, ERBB3, and MAPKAPI) in HT-29 and 8 genes
(SNRNP70, FOSL1, WDR1, NBPF8, STC2, NR2F1, NTSR1, and SERPINB1) in SW480 cells
(Figure 5).
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Figure 4. Genome-wide transcriptome alterations of HT-29 and SW480 cells following 10,000 ng/mL
folic acid (FA) supplementation detected by Human Transcriptome Array 2.0 (HTA 2.0). (a) Pie charts
represent the proportion of up- and downregulated genes. (b) Visual networks of protein—protein
interactions were generated by the StringApp of Cytoscape software based on the list of genes
with significant (p < 0.05) expression alterations and > 1.5 fold change (FC). Colors refer to the
expression level of protein-coding genes (dark blue: FC < —2, light blue: FC > —2 and <-1.5, light
red: FC > 1.5 and <2, dark red: FC > 2). (c¢) Top 10 genes showing significant (p < 0.05) up- and
downregulation visualized with volcano plots. Gray points represent all the transcripts detected by
HTA 2.0 microarray, while significantly (p < 0.05) altering genes with FC > 11.5| value were marked
with red and blue. P-val: p-value.
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Figure 5. The intersection of genome-wide DNA methylation and gene expression data obtained
by Reduced Representation Bisulfite Sequencing (RRBS) and Human Transcriptome Array (HTA)
2.0 analyses. Values represent the methylome and transcriptome pattern changes of 10,000 ng/mL
folic acid (FA)-treated HT-29 and SW480 cells compared to non-treated samples (0 ng/mL FA). Only
genes with promoter methylation status alteration in accordance with their expression level (p < 0.05
and fold change > 11.51) were listed (left) and also visualized in volcano plots (right). Gray points
represent all the transcripts detected by the microarray, while blue ones highlight down- and red
ones show upregulating genes from the list. met. status: DNA methylation status; met. diff.: DNA
methylation difference; expr. status: gene expression status; P-val: p-value.

4. Discussion

Folate deficiency has been shown to be associated with several disorders, such as
megaloblastic anemia [36], cardiovascular diseases [37], obstetrical complications [38,39],
neuropsychiatric conditions [40], and malignancies [41]. Its supplementation is considered
to be beneficial in the prevention of all the diseases mentioned above. However, great
care is required, as folate can promote the progression of established neoplasms, while
the low intake has an exactly opposite effect [41,42]. FA is commonly used in CRC care
as an adjunctive medication to promote the efficacy of chemotherapy medications [16,17].
However, its individual effect on FA-related cellular maintenance activities, along with
the genetic and epigenetic regulation, has not been evaluated comprehensively. Therefore,
we found it important to observe the short-term (72 h) impact of FA-free (0 ng/mL) and
FA-supplemented (100 ng/mL and 10,000 ng/mL) environments on two CRC cell lines
(HT-29 and SW480).

An adequate level of nucleotides is necessary for tumor progression, and FA can serve
this need by participating in DNA synthesis [2]. This phenomenon can be in the background
of the significantly (p < 0.05) elevated HT-29 cell proliferation for 100 ng/mL FA treatment,
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along with an increased cell viability compared to the FA-depleted environment. These
observations were in line with the results of Pellis et al. [8]. Interestingly, supraphysiological
FA concentration caused lower proliferation than in FA-depleted samples. Previous studies
demonstrated that similarly high FA dose inhibited the proliferation of CRC cell lines (HT-
29, COLO-205, LoVo), along with endothelial and nasopharyngeal cancer cells, supposedly
via the activation of folate receptor a-mediated extracellular signal-regulated kinase (ERK)
pathway [7,43,44]. Conversely to HT-29 samples, cell proliferation and viability changes
could not be detected in the SW480 cell line. Farias et al. likewise verified that for various
FA exposures, SW480 cells had a different proliferation rate than other CRC cell lines
(HCT116, LS174T) [4].

It is already known that low folate levels can lead to genomic instability through
the disturbances of DNA methylation and nucleotide imbalance [45-50]. Since FA intake
might improve these conditions, we examined DNA integrity using MN scoring and comet
assay methods. SW480 cells inherently had greater genomic instability than the HT-29
cell line, comparing the samples kept in FA-free environment. The micronucleus number
significantly decreased for FA supplementation, and comets were shortened in parallel
with the applied FA dose regarding the HT-29 cell line. Therefore, the treatment facilitated
genomic stability, similarly to the results of Catala et al. using colonic epithelial cells and
fibroblasts [45]. On the other hand, FA treatment did not cause any remarkable changes in
the genomic stability of SW480 samples.

DNA methylation—one of the most intensely studied epigenetic modifications—is crucial
to normal genome regulation [51-53]. After FA is converted into 5-methyltetrahydrofolate
(5-methyl-THF) by the MTHFR enzyme, it participates in the synthesis of SAM, the main
methyl donor molecule [42]. Hence, we investigated global DNA methylation alterations
with LINE-1 bisulfite sequencing in response to FA treatment. HT-29 samples had an 11.59%
higher baseline DNA methylation level than SW480 cells, in agreement with their CIMP
statuses [19]. However, remarkable changes were not detected in any of the samples after
FA supplementation. Stempak et al. came to similar results when analyzing folate-deficient
and sufficient HCT116 and Caco-2 CRC cell lines [54].

Thereafter, DNA methylation was analyzed at a higher resolution on the single-
nucleotide level with RRBS method. Our results highlighted that the methylation pattern
did not differ much between the two cell lines following 10,000 ng/mL FA supplementation
in regard to the affected gene numbers, pathways, and genomic regions. Additionally, FA
equally caused DNA hyper- and hypomethylation, as the numbers of genes possessing
methylated and unmethylated DMSs were relatively equivalent. This phenomenon may
explain the non-significantly altering global DNA methylation results. In the background
of the discrepancy between the facts that FA is a precursor in methyl donor formation,
but it also modulates DNA methylation in both directions, we suspect the dual nature of
SAM. Hence, this molecule is rather considered to be a methylome modulator than a pure
hypermethylating agent, based on the hypothesis suggested by Wang et al. and our recent
study results as well [22,55].

Enrichment analysis revealed that KEGG signaling pathways tightly related to car-
cinogenesis (such as “PI3K-Akt” [56], “MAPK” [57], “Rapl” [58], “regulation of actin
cytoskeleton” [59], “focal adhesion” [60], and “proteoglycans in cancer” [61]) were the most
dominantly affected ones by DNA methylation changes. The former two of the above-
mentioned processes have been reported to be influenced by the folic acid status [62,63].
Considering the distribution of DMSs in distinct genomic regions, we observed an en-
richment mainly in heterochromatin (or low signal) sequences, similarly to other RRBS
studies [64,65]. Besides these regions, active and weak promoter sequences were also
represented dominantly.

The methylation status of promoter-associated CpG islands is of particular importance
because it can modulate gene expression [21,42]; therefore, our study was complemented
with genome-wide transcriptome analysis of FA-depleted and 10,000 ng/mL FA-treated
samples. We observed that genes showing a decreased expression after FA treatment
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outnumbered the upregulated ones. In the SW480 cell line, not only the number of genes
with altering expression (p < 0.05 and FC > |1.51) but also the extent of alterations and the
predicted functional associations between the encoded proteins were more prominent than
in HT-29 cells. YWHAZ and the cytokine-expressing TNF were considered as the coding
genes of hub proteins in the HT-29 and SW480 cell lines, respectively, both possessing signif-
icant (p < 0.05) downregulation for FA supplementation. YWHAZ is a potential oncogene
that can enhance proliferation, migration, and metastasis in many cancer types; therefore,
its inhibition has strong clinical importance [66]. Moreover, ERK1/2 and PI3K/Akt/mTOR
pathways mentioned in this study earlier have been reported to be the downstream targets
of YWHAZ [66]. Not only the proliferation changes of HT-29 cells were supported by such
gene expression alterations, but also the increased genomic stability. We examined the
relevance of the top 10 up- and downregulated genes in DNA repair, and only HES1 [67],
STAT3 [68], and CCL2 [69] were reported to be involved in this process. The former two
had an increased expression in HI-29 cells, while the latter was silenced in SW480 cells
following the treatment, which could explain the different DNA repair abilities between
the cell lines.

Finally, we combined the results of RRBS and microarray analyses to investigate
whether FA actually affects gene expression by methylating or unmethylating the pro-
moter regions. We observed that promoter methylation caused transcriptional silencing
(p £0.05and FC > 11.51) of four genes in HT-29 and five genes in SW480 cells following
10,000 ng/mL FA supplementation. On the other hand, promoter hypomethylation was
accompanied by the upregulation (p < 0.05 and FC > 11.51) of 10 and 8 genes in the
HT-29 and SW480 cell lines, respectively. Due to the fact that the methylation status of the
promoter region was not in concordance with the expression of numerous genes, we sup-
pose that short-term FA treatment does not primarily exert its effect on gene regulation by
altering promoter methylation. The involvement of other mechanisms, for example, histone
methylation, can be implicated in this finding, as also hypothesized by Price et al. [70].

5. Conclusions

FA is a widely consumed vitamin known to be involved in an important epigenetic
regulatory process, DNA methylation. However, our results suggest that in HT-29 and
SW480 CRC cells, short-term FA supplementation can equally induce DNA hyper- and
hypomethylation that mainly affects the pathways related to carcinogenesis. Promoter
methylation changes could act on gene regulation, but we also suppose the involvement of
other FA-associated effects behind the great number of differentially expressed genes. As
opposed to SW480, FA treatment had a significant impact on the maintenance activities
of HT-29 cells, including proliferation, viability, and DNA repair. Apart from the distinct
molecular background between the two cell lines, expression alterations of genes contribut-
ing to the mentioned processes might explain this finding. Based on the results of this
study, we can conclude that the short-term effect of FA on the observed cell lines goes far
beyond the fundamental attributes connected to this vitamin.
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(green) double-staining of HT-29 and SW480 cell lines; Figure S2: DNA integrity evaluation of
HT-29 and SW480 cell lines with comet assay after exposing the samples to different folic acid (FA)
concentrations (0, 100, 10,000 ng/mL); Figure S3: Principal component analysis (PCA) of Human
Transcriptome Array 2.0 (HTA 2.0) gene expression data obtained from non-treated (0 ng/mL) and
10,000 ng/mL folic acid (FA)-supplemented HT-29 and SW480 cells; Table S1: The raw data of
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Author Contributions: Conceptualization, S.Z., B.M.; methodology, S.Z., AK., BK.B., ZB.N., K.AS,,
G.V, TD,, AS,, G.B; software, WK., O.P, 1.C.; writing—original draft preparation, S.Z.; writing—
review and editing, AK., BK.B., ZBN,, K.AS, GV, WK, TD., AS,, GB,, 1C, PI, LT, BM,;
supervision, Z.T., P1,, I.T., B.M.; funding acquisition, S.Z., I.C., PI1., B.M. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/cancers14071820/s1
https://www.mdpi.com/article/10.3390/cancers14071820/s1

Cancers 2022, 14, 1820 15 0f 17

Funding: This research was funded by the National Research, Development and Innovation Office,
Hungary (grant No. 2020-1.1.2-PTACI-KFI-2021-00298; grant No. FIEK_16-1-2016-0005). The study
was also supported by the UNKP-21-4-1-SE-20 New National Excellence Program of the Ministry
for Innovation and Technology from the Source of the National Research, Development and Inno-
vation Fund, as well as the Higher Education Institutional Excellence Program of the Ministry of
Human capacities in Hungary, within the framework of the molecular biology thematic program of
Semmelweis University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study were uploaded to the Gene Expression
Omnibus (GEO) repository, reference number [GSE186084].

Acknowledgments: The authors would like to acknowledge Kristina Gottschall for the language
revision of the manuscript. We kindly thank Ildiké Felletar, Kornélia Kelemen, and Géza Antalffy for
the excellent technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kim, Y.I. Current Status of Folic Acid Supplementation on Colorectal Cancer Prevention. Curr. Pharmacol. Rep. 2016, 2, 21-33.
[CrossRef]

2. Kim, Y.I. Folate and colorectal cancer: An evidence-based critical review. Mol. Nutr. Food Res. 2007, 51, 267-292. [CrossRef]
[PubMed]

3. Ulrich, C.M,; Potter, J.D. Folate supplementation: Too much of a good thing? Cancer Epidemiol. Biomarkers Prev. 2006, 15, 189-193.
[CrossRef] [PubMed]

4. Farias, N.; Ho, N.; Butler, S.; Delaney, L.; Morrison, J.; Shahrzad, S.; Coomber, B.L. The effects of folic acid on global DNA
methylation and colonosphere formation in colon cancer cell lines. J. Nutr. Biochem. 2015, 26, 818-826. [CrossRef] [PubMed]

5. Pufulete, M.; Emery, P.W.; Sanders, T.A. Folate, DNA methylation and colo-rectal cancer. Proc. Nutr. Soc. 2003, 62, 437-445.
[CrossRef] [PubMed]

6.  Price, RJ.; Lillycrop, K.A.; Burdge, G.C. Folic acid induces cell type-specific changes in the transcriptome of breast cancer cell
lines: A proof-of-concept study. J. Nutr. Sci. 2016, 5, e17. [CrossRef]

7. Kuo, C.T.; Chang, C.; Lee, W.S. Folic acid inhibits COLO-205 colon cancer cell proliferation through activating the FRot/c-
SRC/ERK1/2/NF«B/TP53 pathway: In vitro and in vivo studies. Sci. Rep. 2015, 5, 11187. [CrossRef] [PubMed]

8.  Pellis, L.; Dommels, Y.; Venema, D.; Polanen, A.; Lips, E.; Baykus, H.; Kok, F.; Kampman, E.; Keijer, J. High folic acid increases cell
turnover and lowers differentiation and iron content in human HT29 colon cancer cells. Br. J. Nutr. 2008, 99, 703-708. [CrossRef]
[PubMed]

9.  McCabe, J.; Chang, S.; Hajibandeh, ].; Tran, M.D.; Meeder, C.A.; Sharma, K.; Nguyen, D.H.; Moody, M.; Keiserman, M.A_;
Bergman, C.J.; et al. Folate supplementation induces differential dose-dependent modulation of proliferative phenotypes among
cancerous and noncancerous oral cell lines in vitro. J. Diet. Suppl. 2010, 7, 325-340. [CrossRef] [PubMed]

10. Farias, N. The Role of Folic Acid in Maintaining Colorectal Cancer Cell DNA Methylation Patterns and Cancer Stem Cell
Phenotype In Vitro. Master’s Thesis, University of Guelph, Guelph, ON, Canada, 2013.

11.  Kim, Y.I. Role of folate in colon cancer development and progression. J. Nutr. 2003, 133, 37315-3739S. [CrossRef] [PubMed]

12.  Kim, Y.I. Folate and carcinogenesis: Evidence, mechanisms, and implications. ]. Nutr. Biochem. 1999, 10, 66-88. [CrossRef]

13. Richardson, R.B.; Allan, D.S.; Le, Y. Greater organ involution in highly proliferative tissues associated with the early onset and
acceleration of ageing in humans. Exp. Gerontol. 2014, 55, 80-91. [CrossRef] [PubMed]

14. Luebeck, E.G.; Moolgavkar, S.H.; Liu, A.Y,; Boynton, A.; Ulrich, C.M. Does folic acid supplementation prevent or promote
colorectal cancer? Results from model-based predictions. Cancer Epidemiol. Biomark. Prev. 2008, 17, 1360-1367. [CrossRef]
[PubMed]

15.  Kim, Y.I. Folate: A magic bullet or a double edged sword for colorectal cancer prevention? Gut 2006, 55, 1387-1389. [CrossRef]
[PubMed]

16. Vodenkova, S.; Buchler, T.; Cervena, K.; Veskrnova, V.; Vodicka, P.; Vymetalkova, V. 5-fluorouracil and other fluoropyrimidines in
colorectal cancer: Past, present and future. Pharmacol. Ther. 2020, 206, 107447. [CrossRef] [PubMed]

17.  Nielson, C.M.; Bylsma, L.C.; Fryzek, ].P; Saad, H.A.; Crawford, J. Relative Dose Intensity of Chemotherapy and Survival in
Patients with Advanced Stage Solid Tumor Cancer: A Systematic Review and Meta-Analysis. Oncologist 2021, 26, e1609-e1618.
[CrossRef] [PubMed]

18. Pino, M.S.; Chung, D.C. The chromosomal instability pathway in colon cancer. Gastroenterology 2010, 138, 2059-2072. [CrossRef]

[PubMed]


http://doi.org/10.1007/s40495-016-0046-1
http://doi.org/10.1002/mnfr.200600191
http://www.ncbi.nlm.nih.gov/pubmed/17295418
http://doi.org/10.1158/1055-9965.EPI-152CO
http://www.ncbi.nlm.nih.gov/pubmed/16492904
http://doi.org/10.1016/j.jnutbio.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25804133
http://doi.org/10.1079/PNS2003265
http://www.ncbi.nlm.nih.gov/pubmed/14692597
http://doi.org/10.1017/jns.2016.8
http://doi.org/10.1038/srep11187
http://www.ncbi.nlm.nih.gov/pubmed/26056802
http://doi.org/10.1017/S0007114507824147
http://www.ncbi.nlm.nih.gov/pubmed/17868486
http://doi.org/10.3109/19390211.2010.522552
http://www.ncbi.nlm.nih.gov/pubmed/22432562
http://doi.org/10.1093/jn/133.11.3731S
http://www.ncbi.nlm.nih.gov/pubmed/14608107
http://doi.org/10.1016/S0955-2863(98)00074-6
http://doi.org/10.1016/j.exger.2014.03.015
http://www.ncbi.nlm.nih.gov/pubmed/24685641
http://doi.org/10.1158/1055-9965.EPI-07-2878
http://www.ncbi.nlm.nih.gov/pubmed/18539928
http://doi.org/10.1136/gut.2006.095463
http://www.ncbi.nlm.nih.gov/pubmed/16966698
http://doi.org/10.1016/j.pharmthera.2019.107447
http://www.ncbi.nlm.nih.gov/pubmed/31756363
http://doi.org/10.1002/onco.13822
http://www.ncbi.nlm.nih.gov/pubmed/33973301
http://doi.org/10.1053/j.gastro.2009.12.065
http://www.ncbi.nlm.nih.gov/pubmed/20420946

Cancers 2022, 14, 1820 16 of 17

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Berg, K.C.G,; Eide, PW.; Eilertsen, I.A.; Johannessen, B.; Bruun, J.; Danielsen, S.A.; Bjornslett, M.; Meza-Zepeda, L.A.; Eknees,
M.; Lind, G.E.; et al. Multi-omics of 34 colorectal cancer cell lines—A resource for biomedical studies. Mol. Cancer 2017, 16, 116.
[CrossRef]

Menter, D.G.; Davis, J.S.; Broom, B.M.; Overman, M.].; Morris, J.; Kopetz, S. Back to the Colorectal Cancer Consensus Molecular
Subtype Future. Curr. Gastroenterol. Rep. 2019, 21, 5. [CrossRef]

Ogino, S.; Cantor, M.; Kawasaki, T.; Brahmandam, M.; Kirkner, G.J.; Weisenberger, D.].; Campan, M.; Laird, PW.; Loda, M.;
Fuchs, C.S. CpG island methylator phenotype (CIMP) of colorectal cancer is best characterised by quantitative DNA methylation
analysis and prospective cohort studies. Gut 2006, 55, 1000-1006. [CrossRef] [PubMed]

Zsigrai, S.; Kalmar, A.; Nagy, Z.B.; Bartdk, B.K,; Valcz, G.; Szigeti, K.A.; Galamb, O.; Danko, T.; Sebestyén, A.; Barna, G.;
et al. S-Adenosylmethionine Treatment of Colorectal Cancer Cell Lines Alters DNA Methylation, DNA Repair and Tumor
Progression-Related Gene Expression. Cells 2020, 9, 1864. [CrossRef]

Pietrzik, K.; Bailey, L.; Shane, B. Folic acid and L-5-methyltetrahydrofolate: Comparison of clinical pharmacokinetics and
pharmacodynamics. Clin. Pharmacokinet. 2010, 49, 535-548. [CrossRef] [PubMed]

Moll, S.; Varga, E.A. Homocysteine and MTHFR Mutations. Circulation 2015, 132, e6—€9. [CrossRef] [PubMed]

Zetterberg, H.; Regland, B.; Palmér, M.; Ricksten, A.; Palmqvist, L.; Rymo, L.; Arvanitis, D.A.; Spandidos, D.A.; Blennow, K.
Increased frequency of combined methylenetetrahydrofolate reductase C677T and A1298C mutated alleles in spontaneously
aborted embryos. Eur. . Hum. Genet. 2002, 10, 113-118. [CrossRef]

Vidmar Golja, M.; Smid, A.; Karas Kuzeli¢ki, N.; Trontelj, J.; Gersak, K.; Mlinari¢-Ras¢an, I. Folate Insufficiency Due to MTHFR
Deficiency Is Bypassed by 5-Methyltetrahydrofolate. J. Clin. Med. 2020, 9, 2836. [CrossRef] [PubMed]

Valcz, G.; Buzas, E.L; Kittel, A.; Krenécs, T.; Visnovitz, T; Spisak, S.; Torok, G.; Homolya, L.; Zsigrai, S.; Kiszler, G.; et al. En
bloc release of MVB-like small extracellular vesicle clusters by colorectal carcinoma cells. J. Extracell. Vesicles 2019, 8, 1596668.
[CrossRef] [PubMed]

Ribas, L.E.; Baravalle, M.E.; Gasser, F.B.; Renna, M.S.; Addona, S.; Ortega, H.H.; Savino, G.H.; Van de Velde, E; Hein, G.J.
Extraction of phenolic compounds from the shells of pecan nuts with cytotoxic activity through apoptosis against the colon cancer
cell line HT-29. J. Food Sci. 2021, 86, 5409-5423. [CrossRef] [PubMed]

El Hosry, L.; Di Giorgio, C.; Birer, C.; Habib, J.; Tueni, M.; Bun, S.S.; Herbette, G.; De Meo, M.; Ollivier, E.; Elias, R. In vitro cytotoxic
and anticlastogenic activities of saxifragifolin B and cyclamin isolated from Cyclamen persicum and Cyclamen libanoticum.
Pharm. Biol. 2014, 52, 1134-1140. [CrossRef] [PubMed]

Wingett, S.W.; Andrews, S. FastQ Screen: A tool for multi-genome mapping and quality control. F1000Research 2018, 7, 1338.
[CrossRef] [PubMed]

Krueger, F.; Andrews, S.R. Bismark: A flexible aligner and methylation caller for Bisulfite-Seq applications. Bioinformatics 2011, 27,
1571-1572. [CrossRef]

Akalin, A.; Kormaksson, M.; Li, S.; Garrett-Bakelman, EE.; Figueroa, M.E.; Melnick, A.; Mason, C.E. MethylKit: A comprehensive
R package for the analysis of genome-wide DNA methylation profiles. Genome Biol. 2012, 13, R87. [CrossRef]

Lee, B.T.; Barber, G.P.; Benet-Pages, A.; Casper, J.; Clawson, H.; Diekhans, M.; Fischer, C.; Gonzalez, ].N.; Hinrichs, A.S.; Lee, C.M.;
et al. The UCSC Genome Browser database: 2022 update. Nucleic Acids Res. 2022, 50, D1115-D1122. [CrossRef] [PubMed]
Nagy, Z.B.; Wichmann, B.; Kalmar, A.; Galamb, O.; Bartdk, B.K.; Spisdk, S.; Tulassay, Z.; Molndr, B. Colorectal adenoma and
carcinoma specific miRNA profiles in biopsy and their expression in plasma specimens. Clin. Epigenet. 2017, 9, 22. [CrossRef]
Kalmar, A.; Nagy, Z.B.; Galamb, O.; Csabai, I.; Bodor, A.; Wichmann, B.; Valcz, G.; Bartak, B.K.; Tulassay, Z.; Igaz, P; et al.
Genome-wide expression profiling in colorectal cancer focusing on IncRNAs in the adenoma-carcinoma transition. BMC Cancer
2019, 19, 1059. [CrossRef]

Metz, J. Folates in megaloblastic anaemia. Bull. World Health Organ. 1963, 28, 517-529.

Lucock, M. Folic acid: Nutritional biochemistry, molecular biology, and role in disease processes. Mol. Genet. Metab. 2000, 71,
121-138. [CrossRef]

Molloy, A.M.; Kirke, P.N.; Brody, L.C.; Scott, ] M.; Mills, J.L. Effects of folate and vitamin B12 deficiencies during pregnancy on
fetal, infant, and child development. Food Nutr. Bull. 2008, 29, S101-5115. [CrossRef]

Hibbard, B.M.; Hibbard, E.D.; Jeffcoate, T.N. Folic acid and reproduction. Acta Obstet. Gynecol Scand. 1965, 44, 375-400. [CrossRef]
Young, S.N. Folate and depression—a neglected problem. . Psychiatry Neurosci. 2007, 32, 80-82. [PubMed]

Novakovic, P.; Stempak, ].M.; Sohn, K.J.; Kim, Y.I. Effects of folate deficiency on gene expression in the apoptosis and cancer
pathways in colon cancer cells. Carcinogenesis 2006, 27, 916-924. [CrossRef] [PubMed]

Zsigrai, S.; Kalmar, A.; Valcz, G.; Szigeti, K.A.; Bartdk, B.K.; Nagy, Z.B.; Igaz, P.; Tulassay, Z.; Molnar, B. Physiological and
pathophysiological significance of vitamin B9. Summary on the occasion of the 30-year introduction of folic acid as a die-tary
supplement. Orv. Hetil. 2019, 160, 1087-1096. [CrossRef]

Lin, S.Y,; Lee, W.R,; Su, Y.E;; Hsu, S.P,; Lin, H.C.; Ho, P.Y.; Hou, T.C.; Chou, Y.P; Kuo, C.T.; Lee, W.S. Folic acid inhibits endothelial
cell proliferation through activating the cSrc/ERK 2/NF-kB/p53 pathway mediated by folic acid receptor. Angiogenesis 2012, 15,
671-683. [CrossRef] [PubMed]

Liu, Z.; Jin, X.; Pi, W,; Liu, S. Folic acid inhibits nasopharyngeal cancer cell proliferation and invasion via activation of
FRo/ERK1/2/TSLC1 pathway. Biosci. Rep. 2017, 37, BSR20170772. [CrossRef] [PubMed]


http://doi.org/10.1186/s12943-017-0691-y
http://doi.org/10.1007/s11894-019-0674-9
http://doi.org/10.1136/gut.2005.082933
http://www.ncbi.nlm.nih.gov/pubmed/16407376
http://doi.org/10.3390/cells9081864
http://doi.org/10.2165/11532990-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20608755
http://doi.org/10.1161/CIRCULATIONAHA.114.013311
http://www.ncbi.nlm.nih.gov/pubmed/26149435
http://doi.org/10.1038/sj.ejhg.5200767
http://doi.org/10.3390/jcm9092836
http://www.ncbi.nlm.nih.gov/pubmed/32887268
http://doi.org/10.1080/20013078.2019.1596668
http://www.ncbi.nlm.nih.gov/pubmed/31007874
http://doi.org/10.1111/1750-3841.15950
http://www.ncbi.nlm.nih.gov/pubmed/34730241
http://doi.org/10.3109/13880209.2013.879600
http://www.ncbi.nlm.nih.gov/pubmed/24649909
http://doi.org/10.12688/f1000research.15931.1
http://www.ncbi.nlm.nih.gov/pubmed/30254741
http://doi.org/10.1093/bioinformatics/btr167
http://doi.org/10.1186/gb-2012-13-10-r87
http://doi.org/10.1093/nar/gkab959
http://www.ncbi.nlm.nih.gov/pubmed/34718705
http://doi.org/10.1186/s13148-016-0305-3
http://doi.org/10.1186/s12885-019-6180-5
http://doi.org/10.1006/mgme.2000.3027
http://doi.org/10.1177/15648265080292S114
http://doi.org/10.3109/00016346509155874
http://www.ncbi.nlm.nih.gov/pubmed/17353937
http://doi.org/10.1093/carcin/bgi312
http://www.ncbi.nlm.nih.gov/pubmed/16361273
http://doi.org/10.1556/650.2019.31441
http://doi.org/10.1007/s10456-012-9289-6
http://www.ncbi.nlm.nih.gov/pubmed/22843228
http://doi.org/10.1042/BSR20170772
http://www.ncbi.nlm.nih.gov/pubmed/29070520

Cancers 2022, 14, 1820 17 of 17

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Catala, G.N.; Bestwick, C.S.; Russell, W.R,; Tortora, K.; Giovannelli, L.; Moyer, M.P,; Lendoiro, E.; Duthie, S.J. Folate, genomic
stability and colon cancer: The use of single cell gel electrophoresis in assessing the impact of folate in vitro, in vivo and in human
biomonitoring. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2019, 843, 73-80. [CrossRef] [PubMed]

Meng, H.; Cao, Y.; Qin, J.; Song, X.; Zhang, Q.; Shi, Y.; Cao, L. DNA methylation, its mediators and genome integrity. Int. J. Biol.
Sci. 2015, 11, 604-617. [CrossRef]

Szigeti, K.A.; Galamb, O.; Kalmadr, A.; Bartdk, B.K.; Nagy, Z.B.; Markus, E.; Igaz, P,; Tulassay, Z.; Molnar, B. Role and alterations of
DNA methylation during the aging and cancer. Orv. Hetil. 2018, 159, 3-15. [CrossRef] [PubMed]

Hardy, L.W,; Finer-Moore, ].S.; Montfort, W.R.; Jones, M.O,; Santi, D.V.; Stroud, R. M. Atomic structure of thymidylate synthase:
Target for rational drug design. Science 1987, 235, 448-455. [CrossRef] [PubMed]

Hazra, A.; Selhub, J.; Chao, W.H.; Ueland, PM.; Hunter, D.J.; Baron, J.A. Uracil misincorporation into DNA and folic acid
supplementation. Am. J. Clin. Nutr. 2010, 91, 160-165. [CrossRef] [PubMed]

Blount, B.C.; Mack, M.M.; Wehr, C.M.; MacGregor, ].T.; Hiatt, R.A.; Wang, G.; Wickramasinghe, S.N.; Everson, R.B.; Ames, B.N.
Folate deficiency causes uracil misincorporation into human DNA and chromosome breakage: Implications for cancer and
neuronal damage. Proc. Natl. Acad. Sci. USA 1997, 94, 3290-3295. [CrossRef]

Bailey, L.B.; Gregory, ].F. Folate metabolism and requirements. J. Nutr. 1999, 129, 779-782. [CrossRef]

Kulis, M.; Esteller, M. DNA methylation and cancer. Adv. Genet. 2010, 70, 27-56. [PubMed]

Crider, K.S.; Yang, T.P; Berry, R.J.; Bailey, L.B. Folate and DNA methylation: A review of molecular mechanisms and the evidence
for folate’s role. Adv. Nutr. 2012, 3, 21-38. [CrossRef] [PubMed]

Stempak, ].M.; Sohn, K.J.; Chiang, E.P; Shane, B.; Kim, Y.I. Cell and stage of transformation-specific effects of folate deficiency on
methionine cycle intermediates and DNA methylation in an in vitro model. Carcinogenesis 2005, 26, 981-990. [CrossRef] [PubMed]
Wang, Y.; Sun, Z.; Szyf, M. S-adenosyl-methionine (SAM) alters the transcriptome and methylome and specifically blocks growth
and invasiveness of liver cancer cells. Oncotarget 2017, 8, 111866-111881. [CrossRef]

Jiang, N.; Dai, Q.; Su, X,; Fu, J.; Feng, X; Peng, J. Role of PI3K/AKT pathway in cancer: The framework of malignant behavior.
Mol. Biol. Rep. 2020, 47, 4587-4629. [CrossRef] [PubMed]

Zhang, W.; Liu, H. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell Res. 2002, 12, 9-18.
[CrossRef]

Zhang, Y.L.; Wang, R.C.; Cheng, K,; Ring, B.Z.; Su, L. Roles of Rap1 signaling in tumor cell migration and invasion. Cancer Biol.
Med. 2017, 14, 90-99. [PubMed]

Yamaguchi, H.; Condeelis, J. Regulation of the actin cytoskeleton in cancer cell migration and invasion. Biochim. Biophys. Acta
2007, 1773, 642-652. [CrossRef] [PubMed]

Eke, I.; Cordes, N. Focal adhesion signaling and therapy resistance in cancer. Semin. Cancer Biol. 2015, 31, 65-75. [CrossRef]
[PubMed]

Ahrens, T.D.; Bang-Christensen, S.R.; Jargensen, A.M.; Leppke, C.; Spliid, C.B.; Sand, N.T.; Clausen, T.M.; Salanti, A.; Agerbeek,
M.Q. The Role of Proteoglycans in Cancer Metastasis and Circulating Tumor Cell Analysis. Front. Cell. Dev. Biol. 2020, 8, 749.
[CrossRef]

Huang, X.; He, Z,; Jiang, X.; Hou, M,; Tang, Z.; Zhen, X.; Liang, Y.; Ma, J. Folic Acid Represses Hypoxia-Induced Inflammation in
THP-1 Cells through Inhibition of the PI3K/Akt/HIF-1oc Pathway. PLoS ONE 2016, 11, e0151553. [CrossRef]

Slattery, M.L.; Lundgreen, A.; Wolff, R K. Dietary influence on MAPK-signaling pathways and risk of colon and rectal cancer.
Nutr. Cancer 2013, 65, 729-738. [CrossRef]

Ollikainen, M.; Ismail, K.; Gervin, K.; Kyllonen, A.; Hakkarainen, A.; Lundbom, J.; Jarvinen, E.A.; Harris, ]J.R.; Lundbom, N.;
Rissanen, A.; et al. Genome-wide blood DNA methylation alterations at regulatory elements and heterochromatic regions in
monozygotic twins discordant for obesity and liver fat. Clin. Epigenetics 2015, 7, 39. [CrossRef] [PubMed]

Chandra, S.; Baribault, C.; Lacey, M.R.; Ehrlich, M. Myogenic Differential Methylation: Diverse Associations with Chromatin
Structure. Biology 2014, 3, 426-451. [CrossRef] [PubMed]

Gan, Y.; Ye, F; He, X.X. The role of YWHAZ in cancer: A maze of opportunities and challenges. . Cancer 2020, 11, 2252-2264.
[CrossRef] [PubMed]

Zhang, H.; Jiang, H.; Chen, L Liu, J.; Hu, X.; Zhang, H. Inhibition of Notch1/Hes1 signaling pathway improves radiosensitivity
of colorectal cancer cells. Eur. J. Pharmacol. 2018, 818, 364-370. [CrossRef] [PubMed]

Barry, S.P.; Townsend, P.A.; Knight, R.A.; Scarabelli, T.M.; Latchman, D.S.; Stephanou, A. STAT3 modulates the DNA damage
response pathway. Int. J. Exp. Pathol. 2010, 91, 506-514. [CrossRef]

Redon, C.E; Dickey, ].S.; Nakamura, A.].; Kareva, I.G.; Naf, D.; Nowsheen, S.; Kryston, T.B.; Bonner, W.M.; Georgakilas, A.G.;
Sedelnikova, O.A. Tumors induce complex DNA damage in distant proliferative tissues in vivo. Proc. Natl. Acad. Sci. USA 2010,
107, 17992-17997. [CrossRef]

Price, R.J.; Lillycrop, K.A.; Burdge, G.C. Folic acid supplementation in vitro induces cell type-specific changes in BRCA1 and
BRCA 2 mRNA expression, but does not alter DNA methylation of their promoters or DNA repair. Nutr. Res. 2015, 35, 532-544.
[CrossRef]


http://doi.org/10.1016/j.mrgentox.2018.08.012
http://www.ncbi.nlm.nih.gov/pubmed/31421742
http://doi.org/10.7150/ijbs.11218
http://doi.org/10.1556/650.2018.30927
http://www.ncbi.nlm.nih.gov/pubmed/29291647
http://doi.org/10.1126/science.3099389
http://www.ncbi.nlm.nih.gov/pubmed/3099389
http://doi.org/10.3945/ajcn.2009.28527
http://www.ncbi.nlm.nih.gov/pubmed/19923375
http://doi.org/10.1073/pnas.94.7.3290
http://doi.org/10.1093/jn/129.4.779
http://www.ncbi.nlm.nih.gov/pubmed/20920744
http://doi.org/10.3945/an.111.000992
http://www.ncbi.nlm.nih.gov/pubmed/22332098
http://doi.org/10.1093/carcin/bgi037
http://www.ncbi.nlm.nih.gov/pubmed/15695236
http://doi.org/10.18632/oncotarget.22942
http://doi.org/10.1007/s11033-020-05435-1
http://www.ncbi.nlm.nih.gov/pubmed/32333246
http://doi.org/10.1038/sj.cr.7290105
http://www.ncbi.nlm.nih.gov/pubmed/28443208
http://doi.org/10.1016/j.bbamcr.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16926057
http://doi.org/10.1016/j.semcancer.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25117005
http://doi.org/10.3389/fcell.2020.00749
http://doi.org/10.1371/journal.pone.0151553
http://doi.org/10.1080/01635581.2013.795599
http://doi.org/10.1186/s13148-015-0073-5
http://www.ncbi.nlm.nih.gov/pubmed/25866590
http://doi.org/10.3390/biology3020426
http://www.ncbi.nlm.nih.gov/pubmed/24949935
http://doi.org/10.7150/jca.41316
http://www.ncbi.nlm.nih.gov/pubmed/32127952
http://doi.org/10.1016/j.ejphar.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29126793
http://doi.org/10.1111/j.1365-2613.2010.00734.x
http://doi.org/10.1073/pnas.1008260107
http://doi.org/10.1016/j.nutres.2015.04.009

	Introduction 
	Materials and Methods 
	Cell Cultures 
	Cell Viability and Proliferation Analysis with alamarBlue and Sulforhodamine B Assays 
	Cell Cycle Analysis with Flow Cytometry 
	Genomic Stability Detection with Micronucleus Scoring 
	Genomic Stability Detection with Comet Assay 
	DNA Methylation Analysis with LINE-1 Pyrosequencing 
	DNA Methylation Analysis with Reduced Representation Bisulfite Sequencing 
	Whole Genomic Expression Analysis with Microarray 

	Results 
	Effect of Folic Acid Treatment on Cell Proliferation, Cell Viability, and Cell Cycle 
	Effect of Folic Acid Treatment on Genomic Stability 
	Effect of Folic Acid Treatment on DNA Methylation 
	Effect of Folic Acid Treatment on Gene Expression 

	Discussion 
	Conclusions 
	References

