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Abstract

Folylpolyglutamate synthase (FPGS) plays a critical role in intracellular folate homeostasis. FPGS-induced polyglutamylated folates are better substrates for several
enzymes involved in the generation of S-adenosylmethionine, the primary methyl group donor, and hence FPGS modulation may affect DNA methylation. DNA
methylation is an important epigenetic determinant in gene expression and aberrant DNAmethylation ismechanistically linked cancer development.We investigated
whether FPGSmodulationwould affect global and gene-specific promoter DNAmethylationwith consequent functional effects on gene expression profiles in HCT116
colon and MDA-MB-435 breast cancer cells. Although FPGS modulation altered global DNA methylation and DNA methyltransferases (DNMT) activity, the effects of
FPGS modulation on global DNA methylation and DNMT activity could not be solely explained by intracellular folate concentrations and content of long-chain
folylpolyglutamates, and itmaybe cell-specific. FPGSmodulation influenceddifferential geneexpressionandpromoter cytosine-guaninedinucleotide sequences (CpG)
DNAmethylation involved in cellular development, cell cycle, cell death and molecular transport. Some of the altered gene expression was associated with promoter
CpG DNAmethylation changes. In both the FPGS-overexpressed HCT116 and MDA-MB-435 cell lines, we identified several differentially expressed genes involved in
folate biosynthesis and one-carbon metabolism, which might in part have contributed to the observed increased efficacy of 5-fluorouracil in response to FPGS
overexpression. Our data suggest that FPGS modulation affects global and promoter CpG DNA methylation and expression of several genes involved in important
biological pathways. The potential role of FPGS modulation in DNA methylation and its associated downstream functional effects warrants further studies.
© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Folate plays an essential role in nucleotide biosynthesis andbiological
methylation reactions as an important mediator of one-carbon transfer
reactions [1,2].Monoglutamylated folates are the only circulating formof
folate in blood and the only form of folate transported across the cell
Abbreviations: CpG, cytosine-guanine dinucleotide sequences; DNMT, DNA
methyltransferases; FPGS, folylpolyglutamate synthase; 5FU, 5-fluorouracil;
GGH, γ-glutamyl hydrolase; MRP5, multidrug-resistance-associated protein 5;
qRT-PCR, quantitative reverse-transcriptase PCR; SAM, S-adenosylmethionine;
siRNA, small-interfering RNA.
⁎ Corresponding author. Room 516, Keenan Research Center for Biomedical

Science of St. Michael’s Hospital, 209 Victoria Street, Toronto, ON, Canada M5B
1T8. Tel.: +1-416-847-1750; fax: +1-416-864-5994.

E-mail addresses: sungeun.kim@alum.utoronto.ca (S.-E. Kim).

/http://dx.doi.org/10.1016/j.jnutbio.2015.10.019
membrane [2]. Once taken up into cells, however, intracellular folates
exit primarily as polyglutamylated forms [2]. Polyglutamylated folates
are better retained in cells and are better substrates for folate-dependent
enzymes compared with monoglutamylated counterparts [3,4]. Intra-
cellular polyglutamylation of folate is regulated by folylpolyglutamate
synthase (FPGS), which induces polyglutamylation [2]. In addition, FPGS
plays an important role in antifolate polyglutamylation. Polyglutamy-
lated antifolates are retained in cells longer, thereby increasing their
cytotoxicity by extending the length of exposure [2–4]. Furthermore,
polyglutamylated antifolates have a higher affinity for and, hence, inhibit
their target folate-dependent enzymes in nucleotide biosynthesis to a
greater extent than themonoglutamylated forms [3,4]. FPGS, along with
a tightly coupled counterregulation by γ-glutamyl hydrolase (GGH),
which catalyzes the hydrolysis of polyglutamylated folate into mono-
glutamates and facilitates the export of folate out of cells, plays an
important role in maintenance of optimal intracellular concentrations
and polyglutamylation of folates and antifolates. Dysregulation and
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aberrancies of FPGS may contribute to the development of intracellular
folate deficiency or excess-mediated diseases such as cancer and to
alterations in antifolate-based cytotoxicity [3,4].

Folate, in the form of 5-methyltetrahydrofolate, participates in
remethylation of homocysteine tomethionine, which is a precursor of
S-adenosylmethionine (SAM), the primary methyl group donor for
most biological methylation reactions including DNA methylation
[5,6]. A large bodyof evidence suggests that folate deficiency and excess
can modulate DNAmethylation in a cell, gene and site-specific manner
[6]. DNAmethylation is a dynamic process between activemethylation,
mediated by DNA methyltransferases (DNMT) using SAM as a methyl
donor, and removal of methyl groups from 5-methylcytosine residues
by both passive and active mechanisms [7,8]. DNA methylation of
cytosine in the cytosine-guanine dinucleotide sequences (CpG) is an
important epigenetic modification for gene expression and genomic
stability [7]. DNA methylation occurring primarily in the bulk of the
genomewhere CpGdensity is low contributes to correct organization of
chromatin in active and inactive states [7]. In contrast, DNAmethylation
occurring in CpG rich areas clustered in small stretches of DNA termed
“CpG islands”, which span the 5′ end of approximately half of the
human genes including the promoter and exon 1, is associated with
transcriptional silencing with few exceptions [7,9].

FPGS-mediated polyglutamylation-induced changes in total intra-
cellular folate concentrations and in contents of polyglutamylated
folates may play an important role in DNA methylation as poly-
glutamylated folates are better substrates for methylenetetrahydro-
folate reductase and methionine synthase, both of which are involved
in the generation of SAM [1,3,10]. Recently, FPGS1-mediated poly-
glutamylated folateswere found to be involved in chromatin silencing
bymaintaining global DNAmethylation and histone H3K9 dimethyla-
tion in Arabidopsis [11]. Furthermore, we have recently shown that
modulation of GGH, the counterregulatory enzyme of FPGS, is
associated with functionally significant DNA methylation alterations
in several important biological pathways [12]. Aberrant or dysregu-
lation of DNA methylation is mechanistically related to development
and progression of cancer and also affects the response and toxicity of
chemotherapy [7]. As such, FPGS modulation-mediated alterations in
DNA methylation may have significant implication in cancer develop-
ment and treatment via its functional effects on gene expression and
genomic stability [6]. Using anovel in vitromodel of FPGSoverexpression
and inhibition in colonandbreast cancers, twoof the commonest cancers
globally,with predictable functional consequences [13,14],we tested the
hypothesis that FPGS modulation would affect global and gene-specific
DNAmethylationwith consequent functional effects on gene expression.

2. Materials and methods

2.1. In vitro model of FPGS overexpression and inhibition

We have previously developed and functionally characterized an in vitro model of
FPGS overexpression and inhibition in HCT116 colon and MDA-MB-435 breast cancer
cells [13,14]. FPGS overexpression was generated by transfecting both cells with the
sense FPGS cDNA, whereas FPGS inhibition was developed by transfecting HCT116 and
MDA-MB-435 cells with the antisense FPGS cDNA and the FPGS-targeted small-
interfering RNA (siRNA), respectively [13,14]. Cells overexpressing FPGS showed
significantly higher FPGS protein expression and activity, higher total intracellular folate
concentrations and higher content of long-chain folylpolyglutamates compared with
controls expressing endogenous FPGS [13,14]. In contrast, cells inwhich FPGS is inhibited
had significantly lower FPGS protein expression and activity, lower concentrations of total
intracellular folate and lower content of long-chain folylpolyglutamates compared with
controls expressing endogenous FPGS [13,14]. The observed functional characteristics of
FPGS overexpression and inhibition in this model were consistent with the known
biological function of FPGS, thereby providing an appropriate in vitro model to test the
effects of FPGS modulation on DNA methylation and gene expression [13,14]. Cells were
grown in RPMI-1640medium (Invitrogen) containing the standard concentration of folic
acid (2.3 μmol/L) supplemented with 10% fetal bovine serum, 500 μg/ml Geneticin,
50 units/ml penicillin with 50 μg/ml streptomycin and 0.25 μg/ml fungizone amphoter-
icin B. Physiological concentrations of folate in vivo are in nanomolar range. However, the
actualphysiological concentrationsof folatenecessary for optimal growthof immortalized
transformed cells in vitro are likely significantly different from those for nontransformed
cells in vivo.Wehavepreviously grownHCT116 andMDA-MB-435 cells in the sameRPMI-
1640 media containing nanomolar range of folic acid and observed significant growth
retardation associated with 20, 50, 100 and 500 nM of folic acid in the media (data not
shown). As such, cells were grown in the medium containing the standard folic acid
concentration, 2.3 μmol/L, for the genomic and epigenomic analyses in order to avoid any
effect associated with growth retardation in the present study. Cell cultures were
maintained at 37°C in 5%CO2. All cells were cultured for the same passage numbers (8–10
depending on the cell line and FPGS overexpression or inhibition), harvested at 80%
confluence and processed for subsequent analyses.

2.2. Global DNA methylation analysis

Total genomic DNA was extracted by a standard technique using proteinase K
followed by organic extraction [15]. Global DNA methylation was determined by the
in vitro methyl acceptance assay using [3H-methyl]SAM (New England Nuclear) as a
methyl donor and a prokaryotic CpG DNMT, Sss1 (New England Biolabs), as previously
described [12]. Themanner inwhich this assay is performedproduces an inverse relationship
between the endogenous DNA methylation status and exogenous [3H-methyl] incorpo-
ration. All analyseswere performed inquadruplicate and repeatedusing two independent
cell lysates.

2.3. DNMT activity assay

Total cellular CpGDNMT activity wasmeasured by incubating cell lysate containing
10 μg of protein with 0.5 μg of poly[d(I-C)·d(I-C)] template (Sigma-Aldrich), 3 μCi
[3H]SAM (NewEnglandNuclear) and lysis buffer in a total volumeof 20 μl for 2 h at 37°C
as previously described [12]. Each reaction was performed in triplicate and the assay
was repeated three times.

2.4. Gene-specific promoter CpG DNA methylation analysis

The Illumina Infinium HumanMethylation27 (HM27) BeadChip (Illumina) was
performed to interrogate the DNA methylation status of 27,578 individual CpG sites
located at promoter regions of 14,495 genes as previously described [12,16]. A measure
of the level of DNA methylation at each CpG site was scored as beta (β) values. DNA
methylation β-values represent the ratio of the intensity of themethylated bead type to
the combined locus intensity ranging from 0 to 1. Values close to 0 indicate low levels of
DNA methylation, while values close to 1 indicate high levels of DNA methylation [16].
Statistical analysis and data visualization were carried out using the R/Bioconductor
software packages (http://www.bioconductor.org).

DNA hypermethylation or hypomethylation was calculated for each HM27 probe
by subtracting the β-value of the corresponding control from the β-value of cells
expressing the sense FPGS cDNA (Overexpression) or cells transfectedwith the antisense
FPGS cDNA or the FPGS-targeted siRNA (Inhibition). We determined the β-value
difference of 0.2 as having 99% confidence based on intraassay and interassay variations [16].

2.5. Gene expression analysis

Biotinylated cRNA generated from the samples was hybridized onto the Illumina
HumanHT-12 v4.0 BeadChip (Illumina) as previously described [12]. Each array on this
BeadChip targets 31,335 annotated genes and includes 47,231 probes. After washing
and staining, each BeadChip was scanned on the iScan (Illumina), and the intensity files
were quantified in GenomeStudio (Illumina) to generate intensity measurements
without normalization algorithms. Normalization and data filtering were performed
separately for each subset of samples being used in a particular analysis. An unpaired
t test using a false discovery rate Benjamini and Hochberg multiple testing correction
with a P value cutoff of .05was performed in order to compare between cells expressing
the sense FPGS cDNA and the corresponding control (Overexpression) and between cells
transfected with the antisense FPGS cDNA or the FPGS-targeted siRNA and the
corresponding control (Inhibition).

2.6. Integrated analysis of DNA methylation and gene expression data

Wemerged the DNAmethylation and gene expression data sets using Entrez Gene
IDs for the integrated analysis to identify genes, differential expression of which was
regulated by DNA methylation in response to FPGS modulation. We used a β-value
difference (|Δβ|) of 0.20 as a threshold for differential DNAmethylation between cells in
which FPGS was overexpressed or inhibited and the corresponding control. This
threshold of |Δβ|=0.20 was determined previously as a stringent estimate of Δβ
detection sensitivity across the range of β-values [16]. Gene expression data with (1) a
fold change greater or less than 1.3 and (2) a one-way ANOVA with a Benjamini and
Hochberg corrected P value ≤.05 were used for integrated analysis. We set 1.3 as a fold
change not to overlook small changes in response to FPGS modulation as we identified
relatively a small number of genes differentially expressed especially in HCT116 cells
with FPGS inhibition.

http://www.bioconductor.org
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2.7. Functional analysis

The functional analysis was performed using Ingenuity Pathway Analysis
(Ingenuity Systems; http://www.ingenuity.com) to identify biological functions that
were most significant to genes differentially methylated and/or expressed in each
system. The right-tailed Fisher’s Exact Testwas used to calculate P values in determining
the probability that each biological function assigned to that data set is due to chance
alone.

2.8. Validation of gene expression data

Quantitative reverse-transcriptase PCR (qRT-PCR) was performed to confirm the
gene expression data obtained using the Illumina HumanHT-12 v4.0 BeadChip as
previously described [12]. Selected primer sequences (Integrated DNA Technologies)
are presented in Supplementary Table 1. Relative gene expression data were analyzed
using the comparative threshold method [17].

2.9. Statistical analysis

Differences in global DNA methylation, DNMT activity and qRT-PCR data between
cells overexpressing FPGS and the corresponding control and between cells with FPGS
inhibition and the corresponding control were analyzed using the Student’s t test
function of SPSS Statistics 17.0 (IBM SPSS, Chicago, IL). The results were considered
statistically significant if two-tailed P values were b.05.

3. Results

3.1. Effects of FPGS modulation on global DNA methylation and
DNMT activity

FPGS overexpression was associated with significantly lower (by
18%) global DNA methylation than controls in HCT116 cells (Pb.001;
Fig. 1A) but was associated with significantly higher (by 13%) global
DNAmethylation than controls inMDA-MB-435 cells (Pb.001; Fig. 1B).
FPGS inhibition was associated with significantly higher (by 12%)
global DNA methylation than controls in HCT116 cells (P=.003;
Fig. 1A) but had no effect in MDA-MB-435 cells (P=.59; Fig. 1C).

FPGS overexpression was associated with lower (by 77%) DNMT
activity than controls in HCT116 cells (Pb.001; Fig. 1D) but was
Fig. 1. Effect of FPGS modulation on global DNA methylation and DNMT activity in HCT116 an
measurement produces an inverse relationship between the endogenous DNAmethylation sta
quadruplicate and repeated using two independent cell lysates (A–C). The assay for DNMT a
exogenous [3H-methyl] incorporation into DNA. Each reactionwas performed in triplicate and the
in (A) and (D), while the analyses for MDA-MB-435 breast cancer cells are described in (B), (C), (
sense FPGS cDNA; Antisense, cells transfected with the antisense FPGS cDNA; Control-si, cells expr
letters among each group denote significant difference at Pb.05. *Pb.001 compared with corresp
associated with significantly higher (by 115%) DNMT activity than
controls in MDA-MB-435 cells (Pb.001; Fig. 1E). FPGS inhibition was
associated with significantly lower DNMT activity than controls
expressing endogenous FPGS in both HCT116 (by 31%, P=.017; Fig. 1D)
and MDA-MB-435 (by 64%, Pb.001; Fig. 1F) cells.

3.2. Effect of FPGS modulation on gene-specific CpG promoter
DNA methylation

In HCT116 cells, we identified 864 differentially methylated genes
(446 hypermethylated and 418 hypomethylated) in response to FPGS
overexpression and 626 differentially methylated genes (247 hyper-
methylated and 379 hypomethylated) in response to FPGS inhibition.
Major function categories of the biological and disease processes
affected by the FPGS modulation-induced differentially methylated
genes included cellular assembly and organization, cellular function
and maintenance and cellular movement in the FPGS-overexpressed
HCT116 cells and cellular movement in the FPGS-inhibited HCT116
cells (Supplementary Table 2).

InMDA-MB-435 cells, we identified 2239 differentiallymethylated
genes (1161 hypermethylated and 1078 hypomethylated) in response
to FPGS overexpression and 2024 differentially methylated genes
(1150 hypermethylated and 874 hypomethylated) in response to
FPGS inhibition. Differentially methylated genes were involved in
molecular transport and cell death in both the FPGS-overexpressed
and inhibited MDA-MB-435 cells (Supplementary Table 2).

3.3. Effect of FPGS modulation on gene expression

In HCT116 cells, we identified 2897 differentially expressed genes
(1576 downregulated and 1321 upregulated) in response to FPGS
overexpression and 359 differentially expressed genes (129 downreg-
ulated and 230 upregulated) in response to FPGS inhibition. Genes
involved in cell cycle, cellular assembly and organization, DNA
replication, recombination, and repair, RNA posttranscriptional
d MDA-MB-435 cells. The in vitro methyl acceptance assay for global DNA methylation
tus and exogenous [3H-methyl] incorporation into DNA. All analyses were performed in
ctivity produces a positive relationship between the endogenous enzyme activity and
assaywas repeated three times (D–F). Analyses of HCT116 colon cancer cells are described
E) and (F). Control(-S), cells expressing endogenous FPGS; Sense, cells transfectedwith the
essing endogenous FPGS; siRNA, cells transfected with the FPGS-targeted siRNA. Different
onding control by the Student’s t test. Values are mean±S.D.
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modification and cell death were differentially expressed in the FPGS-
overexpressed HCT116 cells, while genes with functions associated with
cell death, cell cycle, cell morphology, cellular function andmaintenance
and cellular compromise were differentially expressed in the FPGS-
inhibited HCT116 cells. The list of top 50 genes most differentially
expressed in the FPGS-modulated HCT116 cells is presented in
Supplementary Table 3.

In MDA-MB-435 cells, we identified 1502 differentially expressed
genes (840 downregulated and 662 upregulated) in response to FPGS
overexpression and 829 differentially expressed genes (442 down-
regulated and 387 upregulated) associated with FPGS inhibition.
Genes participating in cell death, cellular movement, cellular growth
and proliferation, cell cycle and cell-to-cell signaling and interaction
were differentially expressed in the MDA-MB-435 cells overexpress-
ing FPGS. Genes related to cell death, cellular assembly and
organization, cell cycle, cellular compromise and cellular function
and maintenance were differentially expressed in the FPGS-inhibited
MDA-MB-435 cells. The list of top 50 genes most differentially
expressed in the FPGS-modulated MDA-MB-435 cells is presented in
Supplementary Table 3.

3.4. Integrated analysis of gene expression and DNA
methylation changes

We performed the integrated analysis of differentially expressed
and methylated genes associated with FPGS modulation to identify
genes whose expression was influenced by promoter DNAmethylation
changes. The list of genes with altered promoter DNA methylation and
expression in the FPGS-modulated HCT116 andMDA-MB-435 cell lines
is presented in Supplementary Tables 4.1–4.4.

In the FPGS-overexpressed HCT116 cells, 34 hypermethylated and
downregulated genes and 31 hypomethylated and upregulated genes
were identified and they were primarily involved in cell cycle, cell
death and cell-to-cell signaling and interaction (Table 1 and Fig. 2). In
the HCT116 cells with FPGS inhibition, we detected 2 hypermethy-
lated and downregulated genes and 4 hypomethylated and upregu-
lated genes (Table 1 and Fig. 2). The list of top networks matched by
the genes with altered expression and promoter DNA methylation in
the FPGS-modulated HCT116 cells is presented in Supplementary
Table 5.1.

In theMDA-MB-435 cells overexpressing FPGS, 41 hypermethylated
and downregulated genes were primarily associated with drug
metabolism, molecular transport, cell cycle, cell death and cellular
assembly and organization, while 54 hypomethylated and upregulated
Table 1
The number and the topmolecular and cellular functions of genes associatedwith altered expre
cells.

HCT116

Overexpression Inhibition

Hypermethylated+Downregulated/Downregulated 34/1576 2/129
Top Functions Cell cycle

DNA replication,
recombination and repair
Cell death
Cell morphology
Cell-to-cell signaling
and interaction

Gene exp
Cellular f

Hypomethylated+Upregulated/Upregulated 31/1321 4/230
Top Functions Cell death

Cell cycle
Cell-to-cell signaling
and interaction
Cellular development
Cellular function
and maintenance

Drug met
Molecula
Lipid met
Small-mo
Amino ac
genes weremainly involved in cellularmovement, cell-to-cell signaling
and interaction, cell death, posttranslational modification and cell
signaling (Table 1 and Fig. 2). In the FPGS-inhibitedMDA-MB-435 cells,
30 downregulated and 13 upregulated genes with an inverse
association with promoter DNA methylation changes were related to
cellular movement and cell cycle (Table 1 and Fig. 2). The list of top
networks matched by the genes with altered expression and promoter
DNA methylation in the FPGS-modulated MDA-MB-435 cells is
presented in Supplementary Table 5.2.

3.5. Validation of gene expression by qRT-PCR

We validated the gene expression results using qRT-PCR. We
selected genes, expression of which was inversely associated with
promoter DNA methylation alterations, based on the magnitude of
fold change in gene expression identified from microarray analysis
and relevant biological functions of interest including cancer, folate
pathway, cell cycle and apoptosis. Although the magnitude of change
was different, the direction of change in gene expression in response to
FPGS modulation was consistent between the microarray and qRT-PCR
analyses in both cell lines (Pb.05) (Supplementary Table 6), thereby
validating the microarray data.

3.6. FPGS-specific gene expression analysis

We identified genes differentially expressed in the opposite
direction between FPGS overexpression and inhibition in order to
determine genes whose altered expression might be FPGS modula-
tion-specific. In HCT116 cells, 24 genes were upregulated in response
to FPGS overexpression and downregulated in response to FPGS
inhibition, and these geneswere associatedwith gene expression, cell-
to-cell signaling and interaction, cell morphology, cellular assembly
and organization and cell death (Fig. 3A). Twenty-one genes thatwere
downregulated in response to FPGS overexpression and upregulated
in response to FPGS inhibition in HCT116 cells were involved in cell
cycle, cellular compromise, lipid metabolism, small-molecule bio-
chemistry and vitamin and mineral metabolism (Fig. 3A). The top 10
genes associated with the FPGS-specific altered expression in the
FPGS-modulated HCT116 cells are shown in Table 2. The list of top
networks matched by the genes associated with the FPGS-specific
altered expression in the FPGS-modulated HCT116 cells is presented in
Supplementary Table 7. We identified one gene with FPGS-specific
altered expression changes that appeared to be regulated by promoter
DNA methylation in HCT116 cells. ALDH1A3 was downregulated in
ssion and promoter DNAmethylation in the FPGS-modulated HCT116 andMDA-MB-435

MDA-MB-435

Overexpression Inhibition

41/840 30/442
ression
unction and maintenance

Drug metabolism
Molecular transport
Cell cycle
Cell death
Cellular assembly
and organization

Cellular movement
Carbohydrate metabolism
Small-molecule biochemistry
Cellular growth and proliferation
Cell cycle

54/662 13/387
abolism
r transport
abolism
lecule biochemistry
id metabolism

Cellular movement
Cell-to-cell signaling
and interaction
Cell death
Posttranslational
modification
Cell signaling

Cell cycle
Cellular movement
Posttranslational modification
Protein degradation
Protein synthesis



Fig. 2. Integrated analysis of gene expression and promoter DNAmethylation changes in the FPGS-modulatedHCT116 andMDA-MB-435 cells. FPGS overexpression is described in (A) and (B),
while FPGS inhibition is depicted in (C) and (D). HCT116 cells are analyzed in (A) and (C), while MDA-MB-435 cells are analyzed in (B) and (D). The β-value difference and log2-transformed
geneexpressionvalue difference betweenSense and the correspondingcontrol (Control, HCT116;Control-S,MDA-MB-435) andbetweenAntisense/siRNA and the corresponding control (Control,
HCT116; Control-si, MDA-MB-435) are plotted on x- and y-axes, respectively. Red data points highlight those genes that are hypermethylated with β-value difference of N0.2 and show less
than−1.3 foldchange in their expression levels,whilebluedatapoints indicate thosegenes that arehypomethylatedwithβ-valuedifferenceof less than−0.2and showN1.3 fold change in their
expression levels.
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response to FPGS overexpression (fold change:−1.61) and upregulated
in response to FPGS inhibition (fold change: 1.85) and was hypermethy-
lated in the FPGS-overexpressed HCT116 cells (β-value difference: 0.29)
(Table 2 and Supplementary Table 4).

In MDA-MB-435 cells, we identified 191 genes that were
upregulated in response to FPGS overexpression and downregulated
in response to FPGS inhibition, and these genes were associated with
cell cycle, gene expression, cell death, cellular growth and prolifera-
tion and cell-to-cell signaling and interaction (Fig. 3B). One hundred
twenty-two genes involved in lipid metabolism, small-molecule
biochemistry, carbohydrate metabolism, molecular transport and
nucleic acid metabolism were downregulated in response to FPGS
overexpression and upregulated in response to FPGS inhibition in MDA-
MB-435 cells (Fig. 3B). The top 10 genes associated with the FPGS-specific
altered expression in the FPGS-modulatedMDA-MB-435 cells are shown in
Table 3. The list of top networks matched by the genes associatedwith the
FPGS-specificalteredexpression in theFPGS-modulatedMDA-MB-435cells
is presented in Supplementary Table 7.

We also identified several genes with FPGS-specific altered
expression changes that might have been regulated by promoter
DNA methylation in MDA-MB-435 cells (Table 3 and Supplementary
Table 4). HLA-DPA1 (major histocompatibility complex, class II,
DP alpha 1) was upregulated and hypomethylated (fold change:
2.82, β-value difference: −0.64) in response to FPGS overexpression,
while it was downregulated and hypermethylated (fold change:−2.87,
β-value difference: 0.28) in response to FPGS inhibition. THBS2
(thrombospondin2)andC1S (complementcomponent1, s subcomponent)
were downregulated andhypermethylated (THBS2, fold change:−5.25,
β-value difference: 0.45; C1S, fold change: −3.26, β-value difference:
0.21) in response to FPGS inhibition, while they were upregulated
(THBS2, fold change: 2.13; C1S, fold change: 1.59) in response to FPGS
overexpression. PLSCR1 was associated with downregulation and
hypermethylation (fold change: −2.62, β-value difference: 0.21) in
response to FPGS overexpression, whereas it was upregulated (fold
change: 1.97) in response to FPGS inhibition.

4. Discussion

FPGS plays a pivotal role in maintenance of optimal intracellular
concentrations and polyglutamylation of folate for important folate-
mediated one-carbon transfer reactions involved in nucleotide
biosynthesis and biological methylation reactions including DNA
methylation [2]. Intracellular folate depletion/excess and altered
folylpolyglutamate distribution leads to perturbations in the



Fig. 3. The number and the top molecular and cellular functions of genes associated with the FPGS-specific altered expression. Analyses of HCT116 colon cancer cells are described in
(A), while the analyses for MDA-MB-435 breast cancer cells are described in (B).
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nucleotide synthesis and biological methylation pathways [2,18].
Indeed, folate deficiencyhas been linked to the development of several
human diseases including cancers, primarily through aberrant DNA
synthesis, stability, integrity, repair and methylation [1,5]. Further-
more, folate excess has been shown to exert adverse health effects,
including tumor promotion, likely via aberrant nucleotide biosynthe-
sis and biologicalmethylation reactions [1,19]. Given the essential role
of FPGS in intracellular folate homeostasis, dysregulation of FPGS and
consequent perturbations in intracellular folate concentrations and
folylpolyglutamate distributionwill likely be associatedwith aberrant
folate and one-carbon metabolism, thereby contributing to the
development and progression of certain human diseases that are
linked to folate deficiency and excess. Based on the observations that
polyglutamylated folates are better substrates for critical enzymes
involved in the generation of SAM [1,3,10], we posited that FPGS
modulation would affect global and gene-specific promoter CpG DNA
methylation with consequent functional ramifications including
altered gene expression.

Our a priori hypothesis was that FPGS overexpression would
increase global DNA methylation and DNMT activity due to the
observed increased intracellular folate concentrations and higher
content of long-chain folylpolyglutamates [13,14]. We observed
the effect of FPGS overexpression consistent with our hypothesis in
MDA-MB-435 cells. Unexpectedly, however, the effect of FPGS
overexpression on global DNA methylation and DNMT activity was
opposite to our hypothesis in HCT116 cells. We also hypothesized that
FPGS inhibition would decrease global DNA methylation and DNMT
activity due to the observed decreased intracellular folate concentra-
tions and lower content of long-chain folylpolyglutamates [13,14].
Interestingly, although the effect of FPGS inhibition on DNMT activity
was consistent with our hypothesis, its effect on global DNA
methylation was not in agreement with our expectation. These data
collectively suggest that the effects of FPGSmodulation on global DNA
methylation and DNMT activity cannot be solely explained by the
observed changes in intracellular folate concentrations and content of
long-chain folylpolyglutamates specific to FPGS modulation. To this
end, the effect of FPGS modulation on its counterregulatory enzyme,
GGH,might have influenced the FPGSmodulation-induced changes in
global DNA methylation and DNMT activity. In fact, the direction of
change in global DNAmethylation in response to FPGS overexpression
and inhibition in HCT116 and MDA-MB-435 cells in the present study
was more consistent with that observed with changes in GGH in
response to FPGSmodulation [12–14]. These observations suggest that
the inverse relationship between GGH status and global DNA
methylation appears to be an overriding influence on that between
FPGS status and global DNA methylation.

Epigenomic and genomic analyses data reveal that FPGS modula-
tion affected promoter CpG DNA methylation and gene expression
involved in several important biological pathways. Functional analysis
of differentially methylated genes revealed that, in both cell lines,
genes involved in cellular development were affected by FPGS
overexpression, while genes with functions relating to cell cycle and
cell morphologywere influenced by FPGS inhibition. In both cell lines,
genes associated with cell death and molecular transport were
differentially expressed in response to FPGS overexpression and
inhibition, respectively. However, it is possible that some of the
pathways affected by FPGS modulation might be indirect conse-
quences of changes in total folate content and polyglutamylated folate
cofactors or of changes in cell death and molecular transport. We
identified only a few genes displaying the inverse association between
promoter CpG methylation and gene expression in response to FPGS
modulation [12,20–22]. This observation suggests that the gene
expression changes in response to FPGS modulation in the present
study are likely attributable to not only promoter CpG DNA
methylation but also other epigenetic mechanisms such as histone
modification, chromatin remodeling andRNA interference. Furthermore,



Table 2
List of the top genes associated with the FPGS-specific altered expression in the FPGS-modulated HCT116 colon cancer cells.

Gene
Symbol

Fold Change (vs. Control) Description Accession

FPGS Overexpression FPGS Inhibition

Upregulated in FPGS Overexpression and Downregulated in FPGS Inhibition
DUSP6a 2.63 −1.71 Dual specificity phosphatase 6 NM_022652.2
ENC1 1.41 −1.64 Ectodermal-neural cortex (with BTB-like domain) NM_003633.1
NFIB 1.42 −1.61 Nuclear factor I/B NM_005596.2
PPAP2B 1.33 −1.52 Phosphatidic acid phosphatase type 2B NM_003713.3
LGALS3 2.10 −1.48 Lectin, galactoside binding, soluble, 3 (galectin 3) NM_002306.1
LAMB1 2.48 −1.44 Laminin, beta 1 NM_002291.1
JARID2 1.35 −1.44 Jumonji, AT-rich interactive domain 2 NM_004973.2
LOC400986 1.39 −1.44 PREDICTED: protein immunoreactive with anti-PTH polyclonal antibodies XM_001126815.1
TANK 1.32 −1.44 TRAF family member-associated NFKB activator NM_004180.2
SUSD2 1.57 −1.41 Sushi domain containing 2 NM_019601.3

Downregulated in FPGS Overexpression and Upregulated in FPGS Inhibition
ALDH1A3 a −1.61b 1.85 Aldehyde dehydrogenase 1 family, member A3 NM_000693.2
GPR110 −1.58 1.70 G protein-coupled receptor 110 NM_153840.2
IGFBP6 −1.59 1.64 Insulin-like growth factor binding protein 6 NM_002178.2
ALDH3A2 −1.34 1.49 Aldehyde dehydrogenase 3 family, member A2 NM_001031806.1
DLEU2L −1.31 1.49 Deleted in lymphocytic leukemia 2 like NR_002771.1
FBXO6 −1.42 1.48 F-box protein 6 NM_018438.4
PPFIBP1 −1.64 1.43 PTPRF interacting protein, binding protein 1 (liprin beta 1) NM_003622.2
RPL34 −2.46 1.43 Ribosomal protein L34 NM_000995.2
CDC25C −1.55 1.39 Cell division cycle 25 homolog C (Schizosaccharomyces pombe) NM_001790.3
RDM1 −1.42 1.37 RAD52 motif 1 NM_001034836.1

a A given gene is represented in the microarray set with multiple identifiers.
b Expression of gene might have been influenced by promoter DNA methylation changes.
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changes in activities of other genes whose expression was directly
affected by promoter CpG DNA methylation have likely contributed to
the observed gene expression changes.

We identified several geneswhose expressionmight be specifically
influenced by FPGSmodulation as suggested by the opposite direction
of gene expression changes between FPGS overexpression and
inhibition. Among these genes, we identified few genes, expression
of which was likely regulated by promoter CpG DNA methylation
changes in an inverse manner. In HCT116 cells, ALDH1A3 was such a
gene. The expression of this gene was also shown to be inversely
Table 3
List of the top genes associated with the FPGS-specific altered expression in the FPGS-modula

Gene
Symbol

Fold Change (vs. Control) Description

FPGS Overexpression FPGS Inhibition

Upregulated in FPGS Overexpression and Downregulated in FPGS Inhibition
HLA-DQA1 9.13 −5.75 PREDICTED: major histoco
THBS2 2.13 −5.25b Thrombospondin 2
C21orf34 a 8.79 −4.48 Chromosome 21 open rea
HLA-DOA 4.12 −3.95 Major histocompatibility c
C1S 1.59 −3.26b Complement component 1
HLA-DMB 3.19 −3.17 Major histocompatibility c
CTHRC1a 4.19 −2.88 Collagen triple helix repea
HLA-DPA1 2.82b −2.87b Major histocompatibility c
HLA-DRB4 4.04 −2.82 Major histocompatibility c
HLA-DPB1 2.31 −2.76 Major histocompatibility c

Downregulated in FPGS Overexpression and Upregulated in FPGS Inhibition
BCHE a −11.02 7.02 Butyrylcholinesterase
TRIM48 −11.38 3.67 Tripartite motif containing
ANKS1A −1.92 2.83 Ankyrin repeat and sterile
SLITRK4 −1.80 2.60 SLIT and NTRK-like family
ST3GAL5 a −2.14 2.20 ST3 beta-galactoside alpha
AKR1B1 −1.50 2.04 Aldo-keto reductase famil
DYNC1I1 −5.14 1.99 Dynein, cytoplasmic 1, int
PLSCR1 −2.62b 1.97 Phospholipid scramblase 1
MIR1974 −1.65 1.97 microRNA 1974
PPARGC1A −4.23 1.95 Peroxisome proliferator-a

a A given gene is represented in the microarray set with multiple identifiers.
b Expression of gene might have been influenced by promoter DNA methylation changes.
regulated by promoter CpG DNA methylation changes in response to
GGH modulation in HCT116 cells [12]. ALDH1A3 encodes aldehyde
dehydrogenase 1 family, member A3, which may be involved in the
detoxification of aldehydes generated by alcoholmetabolism and lipid
peroxidation and in the oxidation of retinal to retinoic acid [23].
ALDH1A3 overexpression is associated with a more aggressive cancer
phenotype [24] and resistance of cancer cells to chemotherapy [25].
In MDA-MB-435 cells, we identified several such genes including
HLA-DPA1, THBS2,C1S and PLSCR1.HLA-DPA1 (major histocompatibility
complex, class II, DP alpha 1) is expressed on antigen presenting cells
ted MDA-MB-435 breast cancer cells.

Accession

mpatibility complex, class II, DQ alpha 1, transcript variant 10 XM_936128.2
NM_003247.2

ding frame 34 NM_001005734.1
omplex, class II, DO alpha NM_002119.3
, s subcomponent NM_001734.2
omplex, class II, DM beta NM_002118.3
t containing 1 NM_138455.2
omplex, class II, DP alpha 1 NM_033554.2
omplex, class II, DR beta 4 NM_021983.4
omplex, class II, DP beta 1 NM_002121.4

NM_000055.1
48 NM_024114.2
alpha motif domain containing 1A NM_015245.2
, member 4 NM_173078.2
-2,3-sialyltransferase 5 NM_001042437.1
y 1, member B1 (aldose reductase) NM_001628.2
ermediate chain 1 NM_004411.3

NM_021105.1
NR_031738.1

ctivated receptor gamma, coactivator 1 alpha NM_013261.3
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and plays an important role in autoimmune diseases and parasitic
infections [26,27]. THBS2 encodes thrombospondin 2 thatmediates cell-
to-cell and cell-to-matrix interactions and functions as a potent
inhibitor of tumor growth and angiogenesis [28,29]. THBS2 downreg-
ulation by aberrant DNA methylation may be involved in angiogenesis
of malignant ovarian tumors [30]. C1S encodes a serine protease, a
major constituent of the human complement subcomponent C1 [31].
PLSCR1 encodes phospholipid scramblase 1 involved in cell signaling,
maturation and apoptosis and contributes to cancer development and
responses to chemotherapeutic agents [32,33].

FPGS-induced polyglutamylation is an important determinant of the
sensitivity of cancer cells to antifolates and 5-fluorouracil (5FU)
[3,13,14]. Generally, FPGS overexpression increases, while FPGS
inhibition decreases, chemosensitivity of cancer cells to antifolates
includingmethotrexate and 5FU [34–38]. Using the same in vitromodel
of FPGS overexpression and inhibition utilized in the present study, we
have previously demonstrated that FPGS overexpression enhances,
while FPGS inhibition decreases, chemosensitivity of HCT116 andMDA-
MB-435 cells to 5FU [13,14], the critical component of colorectal and
breast cancer chemotherapy [39]. In the present study, we have
observed several genes, expression change of whichmight have in part
contributed to the FPGS modulation-induced changes in 5FU chemo-
sensitivity [13,14]. In HCT116 and MDA-MB-435 cells, we observed
downregulation of TYMS and TK1 in response to FPGS overexpression,
which may increase the sensitivity of these cells to 5FU. We also
observed upregulation of TK1 in the FPGS-inhibitedMDA-MB-435 cells,
which may decrease the sensitivity of these cells to 5FU. TYMS encodes
thymidylate synthase whose expression and activity are well-
established inverse determinants of 5FU efficacy [40,41]. TK1 encodes
thymidine kinase 1, high levels of which are associated with 5FU
resistance [42–45]. We also observed downregulation of ABCC5 and
SLC29A1 in response to FPGS overexpression in HCT116 and MDA-
MB-435 cells.ABCC5 encodesmultidrug-resistance-associated protein 5
(MRP5) that facilitates the efflux of 5FU metabolites; MRP5 upregula-
tion is associatedwith5FU resistance,whereasMRP5downregulation is
associated with enhanced 5FU efficacy in cancer cells [46]. Therefore,
the observed downregulation of ABCC5 in response to FPGS overex-
pression would lead to the enhanced efficacy of 5FU. SLC29A1 encodes
equilibrative nucleoside transporter 1 (ENT1); high mRNA expression
of ENT1 is associated with a poor response of colon cancer cells to 5FU
[47,48]. Our data provide evidence that FPGS modulation significantly
influences expression of genes involved in important biological
pathways that might account for the observed effects of FPGS
modulation on cancer treatment response [13,14]. Furthermore, our
data provide a framework for future studies aimed at interrogating
specific biological pathways associated with FPGS modulation and at
exploring upstream and downstream targets of FPGS modulation.

The role of FPGS in human health and disease has not yet been
clearly demonstrated. Our data indicate that FPGS modulation
associated with significant changes in intracellular folate concentra-
tions and folylpolyglutamate distribution can lead to altered global
and promoter CpG DNAmethylation and expression of genes involved
in important biological pathways that might contribute to the
development and progression of diseases that are linked to aberrant
intracellular folate and one-carbonmetabolism. Some of the observed
altered gene expression appeared to be regulated by promoter CpG
DNAmethylation.We identified several differentially expressed genes
involved in folate biosynthesis and one-carbon metabolism, which
might in part have contributed to the observed change in 5FU
chemosensitivity in response to FPGS modulation [13,14]. The
potential role of FPGS modulation in DNA methylation and its
associated downstream functional effects as well as in cancer
treatment warrants further studies.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jnutbio.2015.10.019.
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