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The objectives of this study were to identify tissue-specific differentially methylated regions (T-DMR’s) in the folate
transport genes in placental tissue compared with leukocytes, and from placental tissues obtained from normal infants
or with neural tube defects (NTDs). Using pyrosequencing, we developed methylation assays for the CpG islands (CGls)
and the CGl shore regions of the folate receptor a (FOLRT), proton-coupled folate transporter (PCFT) and reduced folate
carrier 1 (RFCT) genes. The T-DMRs differed in location for each gene and the difference in methylation ranged between
2 and 54%. A higher T-DMR methylated fraction was associated with a lower mRNA level of the FOLRT and RFCT genes.
Methylation fractions differed according to RFCT 80G > A genotype in the NTD cases and in leukocytes from subjects
with high total plasma homocysteine (tHcy). There were no differences in methylated fraction of folate transporter genes
between NTD cases and controls. We suggest that T-DMRs participate in the regulation of expression of the FOLRT and
RFC1 genes, that the RFCT 80G > A polymorphism exerts a gene-nutrition interaction on DNA methylation in the RFCT
gene, and that this interaction appears to be most prominent in NTD-affected births and in subjects with high tHcy

concentrations.

Introduction

Cellular intake of folate is crucial for nucleotide synthesis,
methylation reactions and production of glycine and ser-
ine.'® Methylation reactions of DNA, protein and RNA by
S-adenosylmethionine (SAM) are normally followed further
downstream by the re-methylation of homocysteine (Hcy) to
methionine.? The cell regulates the level of Hcy primarily by
excretion via the transsulfuration pathway (homocysteine is con-
verted to cysteine), or by re-methylation.! An elevated plasma
Hcy concentration often results from an insufficient intracellu-
lar folate or vitamin B12 supply, impeding the re-methylation of
Hcy, and is therefore a convenient biomarker to identify subjects
with a functional folate deficiency.*

In human cells, folate transport is facilitated by three types
of receptors/transporters: folate receptor o (FOLRI), proton
coupled transporter (PCFT) and reduced folate carrier (RFCI).S
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The placenta is an organ that mediates uptake of folates to the
developing embryo, which are critically important for providing
the nutrients needed for cellular proliferation and the develop-
ment of critical structures, such as the embryonic neural tube.®
In both humans and mice, the placenta expresses all three types
of receptors.” Mice lacking the folate binding protein, ortholog to
the human folate receptor (hFRa), develop structural malforma-
tions including craniofacial, cardiac and NTDs.%!? Inhibition of
folic acid binding to FRa has been suggested as a risk factor for
NTDs."

DNA methylation is involved in regulating gene expression."
Most intervention studies of folate intake and DNA methylation
are addressing global DNA methylation in blood leukocytes.
Findings from the seven previously published folate interven-
tion studies summarized by Terry and colleagues are notable for
their inconsistent findings.” Only 2 of 7 studies found any sig-
nificant changes in leukocyte global DNA methylation. These
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Table 1. PCR primers forward (F), reverse (R) and sequencing primers (S) used for the FOLRT gene pyrosequencing methylation assays

CpG site no. Nucleotide no.* Primer sequence, 5'-3' T, (°C) Size (bp)
1&2 116, 146 F:GGGTTAGGATTGAGT TTTTTAATGTTT G 59 93
5'CGl shore R: biotin- AAC CCA CCT ACT CAT ACAACTT
S: TGA GTTTTT TAATGT TTG TAT GAA
3-5 712,716, 748 F:GTTTTT TTA AAG TGT GGG ATT ATA GAA ATG 57.5 93
5'CGl shore R: biotin-AAA AAC ACA ACC CAA AATTTT AC
S: GTG GGA TTA TAG AAATGA G
6-8 2508, 2518, 2524 F:GGT TAG GAT GGTTTT GAT TTTTTAGTT 529 263
cal R: biotin-ACC CCA AAC TAA ATA CAATAACTTACT T
S: AAA ATG TTG GGATTATAG G
9-11 3457, 3466, 3477 F: GTT GGG ATTTTT GAATTT GAGTTT 61 125
3'CGl shore R: biotin-TCT TCC CAC CAT TAC TCA CAA
S: TGT ATT AAA ATT ATT TAG GTG GAT
12-14 3843, 3855, 3875 F:AGT GGG AGTTGTTTGTTAATT T 59 199
3'CGl shore R: biotin-AAC CCC ACT CAT AAC TAC AAC ATA

S:ATTTTT ATA AGG TTA GTA ATT ATA G

*Nucleotide number is relative to the ATG start site.

studies varied in design; they used different folate intake doses,
time frames and ages of the participants. There are still no stud-
ies of gene-specific DNA methylation of genes involved in the
transport of folate in the placenta or in leukocytes from sub-
jects with differing levels of Hcy. We hypothesized that aberrant
DNA methylation of folate transport genes in the placenta could
compromise folate supplies to the embryo, which if occurring
at a critical developmental window, could result in an increased
risk of NTDs. To test this hypothesis, we developed methods
to identify tissue-specific differentially methylated DNA regions
(T-DMRs)'¢"® of folate transport genes using pyrosequencing,
which is a quantitative and site-specific method. In addition, we
explored whether a common polymorphism, RFCI 80G > A that
abolishes a CpG site in the RFCI gene (CpG — CpA), quantita-
tively affects DNA methylation in its vicinity. We subsequently
applied the methods in a clinical study of DNA samples from
newborn infants with or without NTDs.

Results

DNA methylation assay development. The folate transport
genes FOLRI, PCFT and RFCI have differing CpG site content
and distribution. The FOLRI gene has the most limited CpG
site distribution, while RFCI has the broadest. The PCFT and
RFCI genes have more than one CpG island each, and one of
them is located at the traditional 5" end of the gene. In contrast,
the FOLRI gene has one short CpG island located within the
coding region of the gene. We designed pyrosequencing meth-
ylation assays located in the CpG island and shore regions; the
nucleotide positions of analyzed cytosines are defined in Tables
1, 2 and 3. A total number of 24 assays covering 121 CpG sites
were developed, 5 in the FOLRI gene, 8 in the PCFT and 11
in the RFCI gene. The assay covering CpG sites 50-55 in the
RFCI gene includes a well-known polymorphism RFCI 80G > A
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(rs 1051266), we therefore also obtained the genotype for this
SNP in our DNA samples. The locations of the assays were
selected to obtain high quality PCR and sequencing primers.
They were tested for potential PCR bias by measuring DNA
methylation of standard samples with known percentage methyl-
ation and curve analysis of slopes and intercepts. Our assays had
curve slope values between 0.93 and 0.98, and intercepts below
12%. Within-assay precision was estimated for CpG sites 35 in
the FOLRI gene, CpG site 45-48 in the PCFT gene and 15-17
in the RFCI gene. The CV was < 4.4% for all CpG sites analyzed
in accordance with a previous study.”

Tissue-specific DNA methylation differences and gene
expression. The training sets of normal placental tissues and
blood leukocytes differed at specific CpG sites, which tended to
cluster in different genomic regions. This allowed us to identify
T-DMRs, regions with variable and tissue-specific DNA meth-
ylation (Figs. 1-3). In the FOLRI gene, the mean methylated
fractions of CpG sites 1-4 and 12-14 flanking the CpG island
in the 5' shore and 3' shore regions were statistically significantly
(p < 0.05) higher in blood leukocytes. In the PCFT gene, statisti-
cally significantly (p < 0.05) higher methylated fractions were
found in blood leukocytes in the second CpG island (CGI-2),
and in the 3' shore region of the same island, encompassing CpG
sites 38-52. In the RFCI gene, CpG sites 15-17 in the 5' shore
region and sites 18-30 in the CpG island 1 (CGI-1) showed a sta-
tistically significant (p < 0.05) lower methylated fraction in blood
leukocytes. Next, we validated these T-DMRs in the 46 normal
placental samples from the test cohort and in 25 leukocyte sam-
ples with normal tHcy levels from the training set and obtained
results, for the FOLRI and PCFT genes, that were comparable to
those in the training set. In the RFCI gene, we obtained 7 addi-
tional CpG sites (data not shown).

The mRNA expression of the folate transporter genes PCFT’
and RFCI was found to be appreciably lower in the placental
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Table 2. PCR primers forward (F), reverse (R) and sequencing primers (S) used for the PCFT gene pyrosequencing methylation assays

CpG site no. Nucleotide no. * Primer sequence, 5'-3' T (°C) Size (bp)
1-5 -4604, -4600,-4598 F: GGA AAA GAA AAT TTG TAT TTA GAG TGA GA 575 170
5'CGl shore -4560, -4551 R: biotin-ATC AAA CTA CTA ACC TCA AAT AAT CC
S: ATT TGT AAA AAT AAT AAT ATTTGG T
6-8 -2650, -2616, -2594 F: TTT GGG TTT TGG ATT TTA TAG TGT AG 55 177
5'CGl shore R: biotin-ACT ACC ATA TCC CCA ACA TCT AAA ATA AT
S:TTTTTTTTG AGA TTG AGA GTT
9-31 -55,-50, -46, -44, F: GGT GGT TTT AGG TTATAG G 57.3 366
CcaGl1 -42,-37,-34,-30 R: biotin-ATT ACT ACA ACC CCCCCT TTA
-23,-14,-11,-9 S1: GTA TAT GGA GGG GAG
11,13, 22,33,35 S2: GTT GGT TTT AGG TAG
39,46, 53,63,70
79
32-36 276, 287, 295, 304 F: GAG TTT GGT AGG TGG AGG GTT 60 136
CGI1 318 R: biotin-ATC AAA CCC CTT TAC TCT AAT CCC
S: AGG GTT TTG GTT TGG
38-44 687,693,716, 741 F:TTTTTTATT GGATTTTTT ATATGA A 55 147
CaGl 2 754,757,761,779 R: biotin-ACA CTA AAA CCT AAA ACA ACA AACC
SI: TTTATT GGATTT TTT ATA TG
S2: TGT TGG GAG TTT GGA
45-48 138, 1148, 1153 F: TAT GTAGTT TTT TGT TTT GGT GAG AT 60 177
3'CGl shore 1162 R: biotin-CCC AAA ATA CAC AAT AAT CAC CAC
S: GGT GAG ATT TTA AAG GAG TTA
49-50 2373, 2379 F: GTG TTG GGA TTA TAG GTA TGA GT 60 170
3'CGl shore R: biotin-AAA ATT CCC TTC TAC TTA ATT ATC AAA C
S: GGG ATT ATA GGT ATG AGT TAT
51-52 3926, 3931 F: AGA TAG AGT AGG GTG AGT GTT AG 59 100
3'CGl shore R: biotin-ACT ATT CCC CCA ACC ATA AC

S:GGTTTTTTATGT TTAGTIGTTGT

*Nucleotide number is relative to the ATG start site.

tissue than in whole blood leukocytes. In contrast, gene expres-
sion of the FOLRI gene was much higher in the placental tis-
sue than in leukocytes, see Table 4. These expression data are
in accordance with annotations in the BioGPS database,? sece
htep://biogps.org. Moreover, they suggest an inverse relation
between DNA methylation in the T-DMRs of these genes and
mRNA levels: The higher folate receptor-a mRNA levels in the
placenta mirror inversely the significantly lower DNA methyla-
tion in the 5' shore and the 3' shore of the CGI in the FOLRI
gene (Fig. 1), whereas the lower reduced folate carrier-1 mRNA
levels in the placenta inversely mirror a significantly higher DNA
methylation of the RFCI gene in the CGI-1 and its 5' shore
(Fig. 3). In contrast, the lower proton-coupled folate transporter
mRNA levels that were found in placental tissue were not accom-
panied by any higher DNA methylation of the PCFT gene in the
5' region located in the beginning of the CGI-1, which was fully
unmethylated in all studied tissues (Fig. 2). The statistically sig-
nificant hypomethylation of the PCFT gene that we observed in
the placental tissue was located in the CGI-2 and its 3" shore. The
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functional significance, if any, of this hypomethylation remains
unclear.

Methylated fraction in leukocytes from subjects with high or
low tHcy and in placental tissue from normal and NTD fetuses.
Analysis of methylated fraction of the RFCI gene in blood leuko-
cytes revealed site-specific differences (p < 0.05) between subjects
with low and high tHcy in 17 CpG sites (Table 5). In subjects
with high tHecy (used as a proxy for poor nutritional status), the
methylated fraction was generally lower (14 CpG sites). Most of
these sites were found in the 5' shore of the CGI-1, where 7 of the
CpG sites differed significantly between the groups (p < 0.05). In
addition, three CpG sites within the CGI-1 (CpG 18, 21, 25), one
CpG site in the 3" shore CGI-1 (CpG 38), and three CpG sites in
the CGI-2 (CpG 50, 52 and 55) were significantly lower. Three
CpG sites (CpG site 43, 46 and 53) with significantly higher
(p < 0.05) methylated fraction were also observed, located in the
5" shore and in CGI-2 region, respectively. We did not observe
any significant differences between subjects with low or high
tHcy in the FOLRI or PCFT genes. The methylated fraction did
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Table 3. PCR primers forward (F), reverse (R) and sequencing primers (S) used for the RFCT gene pyrosequencing methylation assays

CpG site No. Nucleotide No. * Primer sequence, 5'-3' T, (°C) Size (bp)
1-3 -8067,-8042, -8025 F: GTT AGT GTT GGG AGG TTT GA 59 181
5'CGl shore R: biotin - TAC AAC TAC CCC TCT CTC CA
S:GTTTTT GTG ATG GGT TAT
4-7 -7784,-7779, -7687,-7773 F: TGG AAA TGT GGG AGG AAA AAT 58 107
5'CGl shore R: biotin-ACA CCC CAT ATA CAA AAA AAC
S: ATT GTA TAT GTT GGG GTA
8-14 -6224,-6222,-6218 F: TGT GTG GTT GGG GAATTT T 57 131
5'CGl shore -6212,-6206, -6202 R: biotin-AAA CCA ATC CCT CACCTATCTC
-6188 S:AGG GTA GTTTGG GTAGGT TTTT
15-17 -5456,-6030, -6010 F: GGA AGG GGG TGG GAGTTAT 57 119
5'CGl shore R: CCA AAA CAA CCT ACT CCCTTT AC
S:TTT GTG GGA AGG GGTTTA
18-23 -5205,-5199, -5193 F: TGG GAG AGT GGT TTA GGT 57 107
CGI1 -5184,-5182,-5171 R: biotin-AAC CAC CAA TCC CCA TCC
SEGTTTTTTTT TTT GAG TGT GAT
24-30 -3713,-3704, -3693 F:GTGTAATTTTTTTTT GGA GTA GTT GTG G 57 147
CGI1 -3688, -3664, -3649 R: biotin-AAC CCT AAA AAA ATA ACT TTC CTA CTA
-3629
S1:GTGTAATTTTTTTTT GGA GTA GTT GTG G
S2: AGA GAG AGT TTG GAT AG
31-33 -2989,-2974,-2953 F: TTTGGT TAGTTTTTT AGA GTA GGA GTT G 56 145
3'CGl shore R: biotin-ACC CCA CTA TCC ACA ATA AC
S: GTA GGA GTT GGT TTA AAT
34-37 -2065, -2079, -2083 F: biotin-ATA GGT TTT GAG GAG GTA TGG 58 148
3'CGl shore -2092 R: ACA ACC AAA ACC CTA AAA ATT CTC
S: AAC CAC TAC CAA ACC
38-42 -1082, -1067, -1049 F: GTG GTA TTT GGA GAT ATG ATT TTG ATA AGT 57.3 271
5'CGI2 shore -1037,-1032 R: biotin-ACC CCA AAC CAC AAA ACT TC
S: ATT TTG ATA AGT GGA TAG GT
43-49 -971,-982, -988 F: biotin-TTG GGT AGA ATT AGG ATT GAA AG 57 159
5'CGI2 shore -950, -939, -930 R: ACC CCA AACCACAAAACTT
-918
S1: AAT AAA ACA ACA ACA ACA C
S2: ACC CAA CCTTAA AAA CC
50-55 38,59, 66, 75, 78, 83 F:AGATTATTT TTT AAG GTGTTT TGATTT TAT 57.3 240
CGl 2 R: biotin-AAA ATA ATA AAA CTC TCC CCT AACC

S: GGT GGA GAA GTA GGT G

*Nucleotide number is relative to the ATG start site.

not differ significantly between placentas from healthy fetuses
and from fetuses with NTDs in either of the FOLRI, PCFT or
RFCI genes (Fig. 4).

Methylated fraction of CpG sites according to RFCI 80G
> A genotypes. The genotyping data in subjects with high or
low tHcy and placental tissue from normal and NTD subjects
are shown in Table 6. The RFCI polymorphism was in Hardy-
Weinberg equilibrium in all subgroups. The genotype distribu-
tion did not differ significantly between subjects with low tHcy
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and high tHcy (x* = 0.199), or between placentas from healthy
subjects and those with NTD (x* = 1.77).

The mean methylated fractions of each CpG site in blood
leukocytes from subjects with high or low tHcy, grouped accord-
ing to RFCI 80G > A genotype, are shown in Table 7. When
comparing mean methylated fraction between the genotypes by
ANOVA, we did not observe any consistent stepwise gene-dose
effect due to the A allele in either high- or low-tHcy subjects (see
Table 7, p' columns). In subjects with low tHcy (used as a proxy
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for nutritional sufficiency), only 3 of the 55 CpG
sites were significantly differentially methylated
(sites 24, 31 and 34, located in the 3' part of the
GCI-1). In subjects with high tHcy, the genotype
was significantly related to the mean methylated
fraction in 4 CpG sites, located at the 5' end of
CGI-1 and in the 3' shore of CGI-1 (sites No. 18,
20, 21 and 34); in these subjects, RFCI 80AA
genotype was associated with a lower methyl-
ated fraction compared with the wild-type in 3
of these CpG sites except No. 34 (Table 7, right-
hand p' column).

When the mean methylated fraction in subjects
with high or low tHcy was analyzed as dependent
variable in a multivariate linear regression model
with the group variable (high/low tHcy) and RFCI
80G > A genotype as predictors, the group variable
was a significant predictor of the mean methyl-
ated fraction in a large number of CpG sites
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Figure 1. Methylated fraction in the FOLRT gene in normal placenta (n = 4), leukocytes
from subjects with low tHcy (c = 5-10 wmol/L, n = 24-25), and leukocytes from subjects
with high tHcy (c = 20-113 wmol/L, n = 23-25). The error bars show =+ 1 SD.

(Table 7, column p?), both in the 5' shore
(sites No. 3, 6, 8-11, 13 and 15-17), in
CGI-1 (sites No. 18—22 and 24-25), the 3'
shore (sites No. 31, 34, 38, 43 and 46), and
in the 5-end of CGI-2 (sites No. 50-55).
Since we used high tHcy as a proxy for poor
nutritional status, this suggests an interac-
tion between nutritional factors and DNA
methylation in the RFCI gene.

In the NTD placental tissue, we found
methylation differences between the RFCI
80 G > A genotypes, at CpG sites 8-14, and
CpG site 54 (ANOVA, p < 0.05, Fig. 5).
However, there were no statistically signifi-
cant methylation differences between nor-
mal and NTD groups when stratified by
genotype (Fig. 6).

The RFCI 80 G > A genotype status did
not affect the methylated fraction of any
CpG sites in the FOLRI or PCFT genes.
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In this study we used a training set of dif-
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ferent tissues to locate tissue-specific differ-

entially methylated regions (T-DMRs) in

the folate transporter genes PCFT, RFCI
and FOLRI. In the clinical study, we found

Figure 2. Methylated fraction in the PCFT gene in normal placenta (n = 4), leukocytes from sub-
jects with low tHcy (c = 5-10 wmol/L, n = 10-25), and leukocytes from subjects with high tHcy
(c=20-113 pwmol/L, n = 11-25). The error bars show * 1 SD. The upper panel shows CpG sites

genotype-associated differences in the meth-

1-30 and the lower panel shows CpG sites 31-52.

ylated fraction of the RFCI gene in placen-
tas from cases with NTDs, suggestive of a

gene-nutrient interaction affecting DNA methylation of this gene
in NTD pregnancies, but not in placentas from healthy deliveries.

DNA methylation differences between cancer cells and normal
cells have been shown to co-localize with T-DMRs and to occur
with higher frequency outside the CpG islands.””*** We there-
fore designed our methylation assays to cover both CGls and CGI
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shore regions. We found T-DMRs in the CpG island shores of the
FOLRI gene and in the CGI-2 and 3' shore of the PCFT gene
(Figs. 1 and 2). In the RFCI gene, they were located at the 5'
shore of CGI-1 and in the CGI-1 (Fig. 3). The tissue-specific DNA
methylation patterns of these genes indicate that blood leukocytes
should not be used routinely as a substitute for other tissues.
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Figure 3. Methylated fraction in the RFCT gene in normal placenta (n = 4), leukocytes from subjects with low tHcy (c = 5-10 wmol/L, n = 22-24), and
leukocytes from subjects with high tHcy (c = 20-113 pwmol/L, n = 21-24). The error bars show + 1 SD. The upper panel shows CpG sites 1-24 and the

lower panel shows CpG sites 25-55.

Table 4. mRNA expression of FOLR1, PCFT and RFCT in full-term placental tissue and whole blood leukocytes

FOLR1
1.0%x 10°+ 1.3 x 10°
84x10%8+£1.2x108

Placental tissue
WBC
Ratio placenta/WBC 119

PCFT
14% 107 +8.5x 10°%
74x10° £ 1.5 X 10°

RFC1
5.0x%x10°+5.8x%x10°
1.3x10%+£29x%x 10*

0.02 0.04

The relative expression was calculated with the ACt method (2:*<), using 78S as the reference gene.

The relative gene expression of the folate transporter genes
showed that FOLRI was more abundant in the placental tissue
than in leukocytes compared with the PCFT and the RFCI gene
expression, which were less expressed in placenta than in leuko-
cytes. We found an inverse relation between DNA methylation
in the T-DMRs of FOLRI and RFCI and mRNA levels (Table 4
and Figs. 1-3). A larger study is warranted to further analyze the
correlation between gene expression and DNA methylation of
the folate transport genes. Longitudinal studies throughout preg-
nancy would be highly informative. A study comparing mRNA
expression of folate transporter genes between gestational age
found lower mRNA expression of the RFCI gene in placental
tissues from term compared with the 1st trimester, but no DNA
methylation data was available.?

We detected DNA methylation differences in the RFCI gene
between subjects with high and low tHcy concentration, but notin
the FOLRI or PCFT genes. This suggests that DNA methylation
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in the RFCI gene may be more sensitive to a deficiency of methyl
donors, such as low folate concentrations, than the other genes.
In ethanol-induced folate deficient rats, the DNA methylated
fraction in CGI of the RFCI gene was analyzed, and suggested
to be lower compared with the control rats.* The mechanism of
this ethanol effect is unclear, but it suggests that nutrition may
have an impact on the DNA methylation of the RFCI gene. Our
results showed the greatest difference in methylation in CpG sites
in the 5'-shore of the RFCI gene: subjects with high tHcy had a
lower methylated fraction compared with low tHey subjects.
The human RFCI gene has several promoter regions located
~4 kB upstream of the transcriptional start site.”** Promoter
regions A1/A2, A and B are GC rich, lack TATA boxes, bind Sp
transcription factors, and include E-box and Ikaros elements.?¢
Our assays covering CpG sites 38—42 are located in the pro-
moter region A1/A2, assays including CpG sites 8-14, 18-23
and 24-30 are close to the promoter regions A, B and C. We
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Table 5. Mean methylated fraction of CpG sites in the RFCT gene in subjects with low or high plasma tHcy concentration

Low tHcy
CpG site* Mean SD
5'shore 8 60.5 6.7
9 72.5 6.3
10 75.0 54
13 73.0 5.5
15 31.5 5.6
16 56.0 7.0
17 21.7 4.2
CGl1 18 20.9 6.0
21 10.5 3.5
25 233 3.2
3'shore 38 98.3 1.8
43 744 59
46 80.0 1.4
CGl 2 50 99.3 1.2
52 98.5 14
53 771 2.2
55 97.3 2.2

High tHcy

N Mean SD N P

23 53.0 12.5 24 0.037
23 64.2 13.2 24 0.022
23 64.4 15.7 24 0.009
23 64.5 13.6 24 0.017
23 26.1 7.8 24 0.030
23 47.8 8.9 24 0.002
23 16.6 3.9 24 0.000
24 15.5 4.4 24 0.005
24 7.5 1.5 24 0.024
24 20.1 4.6 24 0.038
24 97.1 1.7 24 0.029
23 78.5 2.6 22 0.010
23 81.5 1.8 22 0.032
22 98.5 1.4 24 0.045
22 97.2 1.7 24 0.007
22 78.5 1.7 24 0.020
22 95.9 19 24 0.025

*CpG sites included in the methylation assays, see Table 3. Only sites showing statistically significant differences are show in this table. P, post-hoc
significance of difference between mean values in leukocytes from subjects with low or high tHcy, respectively.

observed the main difference between subjects with high or low
tHcey in the CpG sites 8-17, located upstream of the promoter
B region which is also the 5'- shore region related to the CGI-1.

Correlation between DNA methylation in the promoter
region of the RFCI gene and mRNA expression has been ana-
lyzed in various cell lines.?” In diffuse large B-cell lymphoma cell
lines, DNA methylation was suggested to alter mRNA expres-
sion, but not in acute lymphoblastic cell lines.>** In contrast to
these studies that used qualitative or semi-quantitative assays, we
applied quantitative assays to measure DNA methylation in the
human folate transport genes.

A crucial question that arises is whether the expression of the
three folate transport genes is regulated by methylation in response
to folate availability. In order to systematically answer this ques-
tion, a cohort receiving a controlled folate diet should be analyzed.
Regulation of folate transport genes can occur at both the pre- and
post-transcriptional levels. Homocysteine itself has been suggested
to upregulate the translation of the FOLRI receptor.?® Colon ade-
noma cancer cells and MCF7 breast cancer cells grown in folate
depleted medium showed a reduction of mRNA expression of the
RFCI gene.**® The authors suggested that it could be a response to
prevent efflux of folate through the RFCI. Our finding of a higher
methylated fraction of the RFCI gene in subjects with low tHcy fits
with this proposed mechanism of preventing folate-efflux.

The mechanisms by which folate reduces the prevalence of
NTDs are still unclear, but it has been confirmed that folic acid
consumption by mothers reduces the risk of NTD.? Placental
tissue express all three folate transport genes, and the suggested
metabolic pathway of utilizing Hcy in the placenta is thru the
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methionine cycle, with folate serving as the methyl donor.”? We
were interested in whether DNA methylation is a potential modu-
lator of folate transport genes in placentas from deliveries of fetuses
with NTD. We did not observe any group differences in DNA
methylation in PCFT, RFCI or FOLRI genes between placentas
from healthy deliveries and those with NTD. If the transport of
folate into the cells is defective in NTDs, then the regulation could
still be compromised at the mRNA or protein levels, but aber-
rant DNA methylation of these genes is unlikely to be causative.
It would be ideal to explore the effect of DNA methylation in the
relevant cell type and at the critical developmental time, in this
case neuroepithelial cells and yolk sac cells during the period of
neural tube closure, but such collection is ethically and practically
undoable and we maintain that the placenta remains a reasonably
valid surrogate for the yolk sac in this type of study.

We did observe lower DNA methylated fractions of the RFCI
gene in placental tissue from infants with NTDs carrying the
RFCI 80AA genotype when compared with 80GG. Similarly,
subjects with high tHcy were found to have lower mean methyl-
ated DNA fraction in leukocytes, if they were homozygous for the
80AA allele, than the low tHcy subjects. The importance of the
RFCI 80G > A polymorphism for plasma tHcy levels has not been
clear-cut to date, as some studies showed that AA homozygosity is
associated with higher levels of serum folate in women only, while
others saw no effect.’** Its association with NTD has also not been
consistently reproduced.” In a rat model, folate status in females
was found to influence the global DNA methylation in placentas
by altering the available methyl pool.’ It is possible that the altera-
tion in methylation status of the RFCI gene epigenetically impacts
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Figure 4. Methylated fraction in the FOLR1, PCFT and RFCT gene in placental tissue from healthy (n = 39-48) and NTD (n = 66-75) subjects. The error

Table 6. RFC1 80G > A genotype prevalence and allele frequencies in
subjects with low and high tHcy and normal and NTD subjects

Leucocytes Placenta
Low tHcy High tHcy Normal NTD
RFC180G > A n % n % n % n %
GG 6 (27) 8 (33) 8 (@) 22 (32
GA 12 (54) 12 (50) 23 (61) 33 (49)
AA 4 (18) 4 (17) 7 (18) 13 (19)
Total 22 24 38 68
x> =0.22 x> =0.02 =17 x?=0.01
p(G) 0.583 0.545 0.513 0.566
q(A) 0.417 0.454 0.487 0.434

its pattern of expression in such a way as to impair normal neural
tube closure. If the folate transport genes simply moved molecules
of one carbon donors into and out of cells, that would be one way
in which to envision a mechanism underlying NTD formation.
However, there is every likelihood that these transport proteins
have a cell signaling function which is every bit as important in
regulating critical signal transduction events during neurulation.
Altering the expression of RFCI is perhaps only an initiating step
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in impacting a network of genes involved in cell morphogenetic
movements that are essential to completing neural tube closure.
We do not rule out that DNA methylation changes in other one-
carbon metabolism genes or planar cell polarity genes may be con-
tributing, perhaps in interaction with DNA methylation changes
in folate transport genes, to an increased NTD risk, but we are
filling a significant data gap on T-DMRs in folate transport genes.

In conclusion, we have identified tissue-specific differentially
methylated DNA regions (T-DMRs) in three folate transport
genes, and shown an inverse relation between methylation and
mRNA abundance for the FOLRI and RFCI genes. RFCI mean
methylated fraction was found to depend on the RFCI 80G >
A genotype in subjects with high tHcy, used as a proxy for poor
nutritional status, and in placentas from NTD subjects. We there-
fore postulate a gene-nutrition interaction between folate intake,
RFCI genotype, RFCI DNA methylation, and RFCI mRNA tran-
scription, which could account for part of the spectrum of NTD
births. Recognition of this interaction in future research may lead
to a fuller appreciation of the role of the folate receptors in the
etiology of NTDs.

Material and Methods

Study population. A training set consisting of 56 discarded
blood samples and four placental tissues collected from our
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Table 7. Methylated fraction of CpG sites in the RFCT gene in blood leukocytes form subjects with low and high tHcy according to genotype

CpG site
CpG 3

CpG6

CpG8

CpG9

CpG 10

CpG 11

CpG 13

CpG 15

CpG 16

CpG 17

CpG 18

CpG 19

CpG 20

CpG 21

Genotype
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA

Mean
89.3
89.3
89.0
85.3
84.7
85.3
56.8
61.0
61.0
68.0
73.2
733
72.2
75.6
76.0
83.5
85.5
86.3
69.5
73.5
74.0
26.6
33.2
325
52.2
56.3
59.5
19.2
22.3
22.3
16.2
223
235

8.8
1.3
13.5
8.0
10.1
12.3
8.2
11.2

Low tHcy
SD
0.5
0.7
0.8
0.8
1.3
0.5
8.6
6.2
1.0
7.6
5.2
0.6
7.6
4.5
3.6
4.9
4.5
1.5
6.4
5.3
0.0
2.1
6.3
54
4.4
7.6
8.7
1.6
4.9
4.4
2.6
6.4
7.2
1.6
59
4.8
1.4
5.5
4.4
1.2
4.1

N p'

4 0.656

4 0.415

3 0.448

3 0.195

3 0.432

3 0.578

3 0.307

4 0.099

4 0.332

4 0.407

4 0.089

4 0.350

4 0.370

Mean
89.9
89.8
90.0
83.7
85.0
84.3
50.3
56.3
48.5
60.4
68.1
60.3
58.8
69.5
60.5
80.3
82.6
74.3
59.5
68.8
61.3
26.1
27.8
21.3
46.9
50.4
41.8
16.1
18.1
13.3

15.1
17.4
10.8
8.5
9.2
6.3
7.6
8.5
5.3
74
8.3

High tHcy
SD
0.6
0.8
0.8
1.0
1.1
1.5
1.4
8.5

23.2
1.2
8.8

25.3
16.1
9.4
274
10.5
6.8
21.5
14.5
79
23.1
7.1
7.5
10.2
7.8
7.0

144
29
3.7
4.3
4.1
2.8
5.7
2.2
1.7
2.8
2.0
19
2.8
1.2
1.1

12

12

p'

0.823

0.079

0.434

0.372

0.291

0.454

0.293

0.370

0.233

0.080

0.021

0.070

0.042

0.006

0.046

0.029

0.020

0.007

0.049

0.014

0.016

0.001

0.000

0.000

0.011

0.012

p' difference between mean methylated fraction in subjects with different RFC1 80G > A genotypes. p? difference between mean methylated fraction
in subjects with high or low tHcy concentration, adjusted for RFC1 80G > A genotype. Please refer to the Statistics section for details of the multivariate

model used.
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Table 7. Methylated fraction of CpG sites in the RFCT gene in blood leukocytes form subjects with low and high tHcy according to genotype (continued)

CpG site

CpG 22

CpG 24

CpG 25

CpG 31

CpG 34

CpG 38

CpG 43

CpG46

CpG 50

CpG 51

CpG 52

CpG 53

CpG 54

CpG 55

Genotype

AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA
GG
GA
AA

Mean

11.8
3.3
5.6
6.5
17.2
21.2
19.3
21.3
24.3
22.8
80.5
83.0
84.3
91.0
92.8
93.3
98.7
98.2
98.5
73.4
76.7
71.3
80.4
79.8
80.5
99.7
99.2
99.0
99.5
98.6
99.5
98.0
98.4
99.3
76.8
773
77.0
76.2
38.8
3.3
98.2
97.0
97.0

SD
Low tHcy
3.8
0.5
3.1
24
3.0
2.8
2.1
29
34
1.7
33
1.1
2.1
1.2
0.9
1.0
1.2
1.7
24
83
4.0
6.4
1.8
1.4
1.3
0.8
1.3
1.4
0.5
14
1.0
1.7
1.4
1.0
29
2.1
1.6
2.6
1.9
1.0
1.9
2.5
1.6

4

P

0.190

0.132

0.028

0.186

0.025

0.010

0.833

0.228

0.583

0.646

0.230

0.402

0.902

0.000

0.568

Mean

5.8
3.3
4.3
2.8
14.8
18.8
14.5
18.1
21.6
19.8
789
81.8
80.5
90.0
92.2
93.3
96.6
97.4
97.0
77.8
78.6
79.3
81.0
81.1
83.3
98.4
98.7
98.0
98.0
98.2
98.8
97.0
97.4
96.8
78.1
78.6
79.0
779
39.2
2.5
96.3
96.0
95.0

sD
High tHcy
19
1.6
0.9
1.3
35
4.8
3.3
4.8
4.1
5.1
4.6
3.7
4.5
1.3
14
19
2.0
1.7
1.6
29
2.7
1.7
0.6
1.4
3.3
1.4
1.6
1.4
1.3
1.6
1.5
1.5
1.8
1.7
1.5
1.8
14
1.1
1.6
0.6
24
1.7
14

N

12

12

12

12

12

12

12

12

12

12

12

12
4
8
12
4

p'

0.008

0.052

0.081

0.265

0.313

0.006

0.627

0.703

0.093

0.730

0.710

0.756

0.675

0.000

0.565

p?

0.000

0.012

0.009

0.026

0.051

0.232

0.017

0.003

0.007

0.044

0.052

0.006

0.024

0.417

0.021

p' difference between mean methylated fraction in subjects with different RFC1 80G > A genotypes. p? difference between mean methylated fraction
in subjects with high or low tHcy concentration, adjusted for RFC1 80G > A genotype. Please refer to the Statistics section for details of the multivariate

model used.
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routine clinical activities (Dept. of Laboratory

Medicine, Orebro University Hospital) was used 100

for method development purposes and to iden-

tify regions of differential DNA methylation. S sod
We selected and de-identified 25 blood samples < a
with tHcy in the range of 5-10 wmol/L (serving _g 604 S

as a proxy to define presumably well-nourished _g =3
subjects), 25 blood samples in the range of g - =
20-113 pmol/L (serving as a proxy to define pre- §

sumably poorly nourished subjects), in the fol- -
lowing designated “low tHcy” and “high tHcy” ] 5
respectively, and finally, four de-identified pla- 2
cental tissues collected immediately after uncom- 0 g
plicated vaginal delivery. The testing cohort 100 &
consisted of placental tissues from deliveries of 2
healthy fetuses (n = 48) or fetuses with neural S s o
tube defects (n = 75), collected with appropriate | &

informed consent in Shanxi Province, China. All g

linical samples were obtained with appropri- | E 6] 3
clinical samples were o pprop b=

ate IRB approval. The Regional Ethics Review é‘ <
Board, Uppsala, approved the Swedish part of the o 407

project. =

DNA extraction, bisulphite treatment. 20+

Genomic DNA was extracted from 200 pL I

whole EDTA blood using QIAamp EZ1 DNA i} S e e e T N P IS S S S S N S S N N B

blood 200 pl Kit according to the manufacturer’s 8 91011121314 1819 20 21 22 23 50 51 5253 54 55
instruction (Qiagen Inc.) utilizing a BioRobot RFC1 80G>A genotype Error Bars: +/- 1. SD

EZ1 (Qiagen Inc.). Genomic DNA from placen- —7

tal tissue was manually extracted with Gentra —-GA

PureGene or QIAmp DNA mini kit (Qiagen | === AA

Inc.). Approximately 1,000 ng extracted DNA

was used for the bisulphite treatment performed Figure 5. Methylated fraction in the RFCT gene according to RFCT 80G > A genotype in
with EZ DNA Methylation Gold kit according to placentas, stratified by groups of healthy controls (n = 38) and NTD (n = 68). The error
the instructions by the manufacturer and eluted | bars show + 1 SD.

in 25 pL elution buffer (Zymo Research, Orion
Diagnostica).

mRNA extraction and quantitative real-time PCR (qPCR).
Expression analysis of the folate transporters was performed from
the training set tissues of four placental tissues and six healthy
normal blood donors. RNA was extracted from 4 placental tis-
sues with a standard TRIzol RNA extraction protocol (TRIzol®
Reagent). Extractions from whole blood samples were made with
the QIAmp RNA Blood Mini Kit (QIAGEN Inc.).

qPCR was performed with an ABI 7500 Fast Real-Time
PCR system (Applied Biosystems) according to the manufac-
turer’s instructions. All samples and negative controls were run
as triplicates and the qPCR protocol was as follows. The baseline
was set between 3—15 cycles and the threshold to 0.2, a total of
50 cycles was run.

Gene expression assays for the folate receptor o (FOLRI,
hs01124177_m1) and 18S (Hs99999901_sl) were purchased
from Applied Biosystems. Assays for: SLC46A1, proton coupled
folate transporter (PCFT), and SLC19A1, reduced folate carrier
(RFCI) were designed in-house, with the Primer Express 3.0 soft-
ware (Applied Biosystems) see Table 8 for details. All in-house
assays are labeled with Fam-Tamra dyes and were purchased from
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www.biomers.net (Ulm/Donau). Normalization was performed
with 78S using the ACt-method.”

Methylation assay development and PCR amplification.
Prior to primer design, we used the online web tool CpG island
searcher (http://cpgislands.usc.edu/) to locate the CpG sites and
putative CpG islands (CGI). We used the nucleotide sequence
GenBank U20391.1 for the FOLRI gene and Ensemble sequence
ENSG00000076351 for the PCFT gene, including an additional
5,000 bp upstream of the 5" end of the gene. The RFCI genomic
sequence and 3861 bp up-stream of the 5' end was obtained from
Ensemble (ENSG00000173638), and was used for the develop-
ment of the methylation assays. Regions of interest were located
and primers were designed using Pyromark assay design soft-
ware 2.0 (Qiagen). Touch-down PCR has been recommended
for amplifying bisulphite treated DNA and was used here.*? The
PCR program was as follows: initial denaturation step of 5 min
at 95°C, followed by 12 cycles of 30 sec denaturation at 94°C,
45 sec of varying annealing temperature (T, + 10°C, decreas-
ing 1°C each cycle) and extension of 45 sec at 72°C. Further
40 cycles were as follows: denaturation of 30 sec at 94°C, specific
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100 sizes are shown in Tables 1-3. All primers were
o purchased from www.biomers.net (Ulm/Donau).
8 To detect biased amplification of the un-meth-
= 60m ylated allele, we performed a titration assay on
% 8 samples with known methylation levels of 0%,
S 40 10%, 25%, 50%, 85% and 100% methylation.*
S Synthetically methylated and non-methylated
DNA standards were purchased from Zymo
0 Research (Orion Diagnostica) and Qiagen. The
100+ ~ . .
| a standards were mixed to obtain the percentages of
§ so- - methylation for titration and used in subsequent
& © | bisulfite- PCR- and pyrosequencing reactions.
2 60+ a ¢ . . _
= Qv Pyrosequencing. To obtain a quantitative
@ »> . . .
S d0- e measure of site-specific methylation, the CpG
e E sites were analyzed using Pyrosequencing®
il g technology. Following PCR (see above, and
o ® Tables 1-3), the samples were prepared using the
100+ Vacuum Prep Workstation (Qiagen): 25-30 pL
g go- of the amplicon, 3 L Streptavidin Sepharose HP
b= Beads (Amersham Biosciences), 37 L binding
E’ 60 E buffer (10 mmol/L TRIS-HCI, 2 mol/L NaCl, 1
S o mmol/L EDTA, 0.1% Tween 20, Milli-Q (18.2
% MQQ x cm) water, pH 7.6) and 10-15 pnL Milli-Q
S 207 water were mixed and used in the Vacuum Prep
workstation. The biotinylated amplicons were
0 T T T T T T T T T T . lized he S i h
8 10 12 14 19 21 23 51 53 55 immobilize onto the treptavidin sepharose
Piacenital Hssiie ] RirsiiEigsgs 4, 1 G beads and then' passed thro.ugh one denaturation
CpG site and two washing steps using the Vacuum Prep
..... 1(3]%01 Workstation according to a standard protocol.

The amplicons were subsequently transferred to a

plate containing sequencing primer (0.4 pmol/L)

Figure 6. Methylated fraction in the RFCT gene in placentas of normal control births (n =

38) and NTD births (n = 68) stratified by RFC7 80G > A genotype.

in 40 pL annealing buffer (20 mmol/L Tris-
Acetate, 2 mmol/L Magnesium acetate, pH 7.6).

Table 8. In-house design of mRNA expression assays for the PCFT and
RFCT genes

Gene Sequence 5'-3' Size (bp)
RFC1  Fw CGT CAA GAC CAT CATCACTTT CA 100
Rev CAG GAT CAG GAA GTA CAC GGA GTA
Pr CCG GTC CGCAAG CAGTTCCAGTT
PCFT  Fw TTC ACA GGA TAT GGG TTGCTTTT 120
Rev CAC ACA GGC CAC AGC AGA AA

Pr CTG TCATCC GGG CTA AACTCT CCAAGCT

Fw, forward primer; Rw, reverse primer; Pr, probe.

annealing T for 45 sec and extension for 45 sec at 72°C and one
cycle for 7 min at 72°C. 40 pL PCR reaction was performed with
the HotStarTag DNA Polymerase Kit (QIAGEN Inc.), contain-
ing 0.15 wmol/L of each primer, 1.25 unit of Taq polymerase,
1.5-3.0 mM MgClz, and 0.1 mM each of dGTP, dATP, dTTP,
dCTP and 30 ng of bisulphite treated DNA was added as tem-

plate. The PCR primers, annealing temperatures, and amplicon
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Sequencing was performed using a Pyromark
Gold Q96 Reagent Kit and a PSQ 96ID system
(Qiagen). The nucleotide addition order was optimized by the
Pyro Q-CpG software version 1.0.9 (Qiagen). Results were auto-
matically analyzed using the same software.

Assay precision. To determine the precision of the method we
studied CpG sites 35 in the FOLRI gene, CpG sites 45—48 in
the PCFT gene and sites 15-17 in the RFCI gene. One leukocyte
DNA sample was bisulphite treated 8 times. Each aliquot was
then PCR amplified three times and analyzed by pyrosequenc-
ing. The CV of the assays was calculated as the standard devia-
tion divided by the mean value for each separate CpG site.

Statistical analysis. Means were compared using ANOVA.
The Hardy-Weinberg equilibrium of genotypes was tested with
X’ test and performed for subjects within a specific group. The
statistical significance of 80G > A genotype and of study group
(subjects with high or low tHcy, respectively) as determinants
of the mean methylated fraction of CpG sites was tested in a
general linear model, with RFCI genotype and study group as
fixed factors and methylated fraction as dependent variable. All
calculations were performed by the SPSS software version 15.0

(SPSS Inc.).
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