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Epigenetic modifications at DMRs 
of placental genes are subjected 
to variations in normal gestation, 
pathological conditions and folate 
supplementation
Beenish Rahat1, Aatish Mahajan1, Rashmi Bagga2, Abid Hamid3 & Jyotdeep Kaur1

Invasive placentation and cancer development shares many similar molecular and epigenetic pathways. 
Paternally expressed, growth promoting genes (SNRPN, PEG10 and MEST) which are known to play 
crucial role in tumorogenesis, are not well studied during placentation. This study reports for the first 
time of the impact of gestational-age, pathological conditions and folic acid supplementation on 
dynamic nature of DNA and histone methylation present at their differentially methylated regions 
(DMRs). Here, we reported the association between low DNA methylation/H3K27me3 and higher 
expression of SNRPN, PEG10 and MEST in highly proliferating normal early gestational placenta. 
Molar and preeclamptic placental villi, exhibited aberrant changes in methylation levels at DMRs of 
these genes, leading to higher and lower expression of these genes, respectively, in reference to their 
respective control groups. Moreover, folate supplementation could induce gene specific changes in 
mRNA expression in placental cell lines. Further, MEST and SNRPN DMRs were observed to show the 
potential to act as novel fetal DNA markers in maternal plasma. Thus, variation in methylation levels 
at these DMRs regulate normal placentation and placental disorders. Additionally, the methylation at 
these DMRs might also be susceptible to folic acid supplementation and has the potential to be utilized 
in clinical diagnosis.

The proper development of fetus throughout pregnancy is regulated by efficient placental growth. Similar to 
cancer metastasis, placental development involves proliferation and invasion of placental trophoblasts into nor-
mal maternal uterus and hence display a phenotype resembling cancerous cells. There are many shared molecu-
lar mechanisms between invasive placentation and metastasis, especially in terms of the factors which enhance 
growth1–3. These similarities also appear at key epigenetic mechanisms4. Additionally the placental growth seems 
to be enhanced by paternally expressed genes, which are known to show growth promoting phenotype5. Studies 
have suggested major influence of paternal genome in placental development6,7 and higher occurrence of pater-
nally expressed genes in placenta8. These genes are generally regulated by cis-acting differentially methylated 
regions (DMRs)9. These regions are usually also associated with differential histone marks10. Such differential 
epigenetic marks at DMRs of these genes lead to their differential expression via a complex sequence of events, 
however, if the DMR is also the promoter of that specific gene it directly silences the methylated allele.

Disruption of these epigenetic marks at DMRs result in abnormal gene expression leading to major phenotypic 
changes11, associated with developmental deformities12, placental disorders13,14 and malignancies15. Considering 
the similarity between cancer and placentation, it is likely that placental epigenome too is liable to alterations 
during advancing gestation, pathological conditions and external factors like availability of nutrients etc.

Disease pathologies associated with inappropriate gene expression are quite often related to aberrantly func-
tioning placenta. Preeclampsia, which is associated with placental dysfunction, is one such pathology which might 
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be associated with defective gene expression16, leading to poor invasion of endovascular trophoblasts17,18 and 
abnormal remodeling of maternal spiral arteries19. Paternally expressed genes have also been recently reported to 
play an important role in the pathogenesis of preeclampsia20. These genes might be of special importance in the 
development of preeclampsia as these genes are known to control trophoblastic invasion and placental growth21.

Hydatidiform mole (a type of gestational trophoblastic diseases, GTDs) is another placental disorder, believed 
to be associated with a higher ratio of paternal to maternal genome arising due to fertilization of either normal or 
enucleated egg with two spermatozoa (dispermy) or a diploid spermatozoon22. Thus, the elevated ratio of paternal 
genome which triggers the aberrant expression of paternally expressed genes has been associated with the patho-
genesis of molar pregnancy23. Although, hydatidiform mole is usually benign, it may progress to a highly invasive 
and malignant form of trophoblastic tumor known as choriocarcinoma, characterized by hemorrhagic metastasis 
attributed to altered vascular permeability24.

Small nuclear ribonucleoprotein-associated protein N (SNRPN), paternally expressed gene 10 (PEG10) and 
mesoderm-specific transcript (MEST) are three paternally expressed genes with known growth promoting phe-
notype in general. Studies have also predicted their possible role in normal placental development25–27. SNRPN is 
a small nuclear ribonucleoprotein complex involved in pre-mRNA processing events like tissue specific alterna-
tive splicing28. The expression of PEG10 is predominently high in mouse and human placenta and its deletion has 
been associated with early embryonic lethality26, thus emphasizing the importance of PEG10 in development of 
placenta29. MEST is a member of the [α /β ] hydrolase fold family and play a prominent role in angiogenesis pla-
cental trophoblast and decidua. It is highly expressed in the placenta and its loss leads to placental growth restric-
tion30. It is candidate gene involved in retardation of primordial growth observed in Silver–Russell syndrome 
(SRS)31. The DMRs of SNRPN32, PEG1033 and MEST34 are localized in their promoter regions.

Folic acid being a key source of the one carbon group required to methylate DNA35, is generally recommended 
preconceptionally during early pregnancy36. DNA methylation is an epigenetic modification critical to normal 
development of placenta and regulation of gene expression. Therefore, folate supplementation can directly affect 
gene expression, which emphasizes the importance of the analysis of the effect of folic acid supplementation on 
expression of these genes.

Previous studies from our lab37 and others have highlighted the importance of epigenetic modifications in reg-
ulating the differential expression of various genes in placenta. Based on this background information we aimed 
to analyze the effect of advancing gestation, placental dysfunction and nutritional supplementation on epigenetic 
mechanisms at the DMRs within the promoter region of SNRPN, PEG10 and MEST and their effect on their rel-
ative expression. We also investigated the potential of the DMRs of these genes as fetal DNA epigenetic markers 
in maternal plasma, for their future use in prenatal diagnosis and the diagnosis of pregnancy related disorders.

Results
mRNA expression of imprinting genes in normal and pathological pregnancies. Genes known to 
show imprinting phenomenon play important role during placental development and its related pathologies. We 
analyzed the mRNA expression of three imprinting genes SNRPN, PEG10 and MEST in physiological first, second 
and third trimester groups and placental disorders (preeclampsia and molar pregnancy) and JEG-3 cells (chori-
ocarcinoma cell line) (Fig. 1A and B). The mRNA expression of all the three imprinting genes were observed to 
reduce with gestation, decreasing by 4.4–5.7 fold after midgestation (p <  0.001) in case of SNRPN, while decreas-
ing by 2.3- (p <  0.01) and 3.6- (p <  0.001) folds in second trimester and third trimester respectively for PEG10 and 
by 3.3 fold (p <  0.05) in third trimester for MEST with respect to first trimester placental villi (Fig. 1A). mRNA 
estimation of SNRPN, PEG10 and MEST in maternal blood leukocytes revealed non-significant change within 
normal gestational groups (Fig. 1B). The analysis of mRNA expression of these genes in the preeclampsia and 
GTD groups suggested the possible association between abnormal expression of these genes and the develop-
ment of these disorders. Preeclamptic villi exhibited lower expression of all three imprinting genes in reference 
to normal third trimester placental villi, however it was significantly reduced by 5.9 fold (p <  0.001) only in case 
of SNRPN. Similarly, MEST mRNA levels were also decreased by 3.9 fold (p <  0.01) in maternal blood leukocytes 
of preeclamptic women relative to its control group. Development of molar pregnancy and choriocarcinoma 
were observed to be related with reverse trend in the mRNA expression of these imprinting genes. Molar villi was 
observed to show the higher expression of these genes with respect to second trimester villi being raised by 10.2 
fold (p <  0.001), 8.4 fold (p <  0.001) and 3 fold (p <  0.05) for SNRPN, PEG10 and MEST, respectively. The expres-
sion of SNRPN was also raised by 3.3 fold (p <  0.05) in molar maternal blood leukocytes with respect to first 
trimester group. In JEG-3 cells the mRNA expression of these imprinting genes was observed to be significantly 
lower being reduced by 15.1- and 26.8- fold (p <  0.001), 4.8- and 17.7- fold (p <  0.001) and 107.6- and 131.6- fold 
(p <  0.001) respectively for SNRPN, PEG10 and MEST as compared to normal first trimester and molar villi.

Pearson correlation analysis depicted significantly high positive correlation between mRNA expression levels 
of these imprinting genes among all five placental villi groups and JEG-3 cells, Pearson correlation coefficient r 
being 0.94 (p <  0.01), 0.96 (p <  0.01) and 0.87 (p <  0.05) for SNRPN vs PEG10, SNRPN vs MEST and PEG10 vs 
MEST respectively.

DMRs of imprinting genes show variation in methylation with gestation and pathological con-
ditions. To study the role of DNA methylation in mediating the differential mRNA expression of SNRPN, 
PEG10 and MEST during physiological advancing gestation and pregnancy related complications, we estimated 
CpG site DNA methylation at DMRs/promoters of these genes in placental villi samples, maternal blood cells and 
placental cell lines.

Figure 2A–C demonstrates significant variation in CpG methylation pattern between different groups for 
SNRPN, PEG10 and MEST. As shown in Fig. 3A, increase in CpG methylation at SNRPN DMR was observed 
with advancing normal gestation, increasing by 12% (p <  0.01) in second trimester and by 9.3% (p <  0.05) in 



www.nature.com/scientificreports/

3Scientific RepoRts | 7:40774 | DOI: 10.1038/srep40774

third trimester, as compared to first trimester, while MEST DMR was found to be hypomethylated in first trimes-
ter with almost 5 fold lower methylation (p <  0.001) than in other normal gestational groups. However, PEG10 
DMR which is located within its promoter showed no significant difference in methylation levels among normal 
gestational placenta all being in the range of 37–39% average methylation. Development of preeclampsia was not 
observed to be related with any significant change in the methylation of DMRs of SNRPN, PEG10 and MEST. 
However, similar to the reverse trend observed in the mRNA levels of these genes in molar villi and JEG-3 cells, 
a reverse trend was observed in the CpG methylation in these groups. SNRPN and PEG10 DMRs were observed 
to have significantly lower methylation in molar villi relative to first trimester villi being reduced by 34.2% and 
23.3% respectively, whereas JEG-3 cells presented higher methylation at promoter region of these genes raised by 
53.7% and 30% respectively, relative to first trimester villi. However, MEST DMR was observed to show higher 
methylation both in molar villi and JEG-3 cells (3.4- and 15.2- fold, p <  0.001, respectively) relative to normal first 
trimester placenta, although the relative methylation pattern of molar villi with respect to JEG-3 cells was similar 
to that observed for SNRPN and PEG10.

In case of maternal blood samples SNRPN DMR was observed to show the lowest methylation (50.6 ±  11.3%, 
p <  0.05) in third trimester in reference to second trimester. Development of preeclampsia was associated with 
1.3 fold (p <  0.05) increase in methylation of SNRPN in maternal blood relative to normal third trimester blood, 
while molar pregnancy was associated with 1.26 (p <  0.05) and 1.33 (p <  0.01) fold decrease in SNRPN methyl-
ation relative to normal first and second trimester blood respectively. In case of PEG10 and MEST there was no 
significant change in CpG methylation among different groups in mothers, although being relatively higher for 
PEG10 ranging from 32–38% while being less than 2.5% for MEST DMR (Fig. 3B).

On comparison of methylation levels of these genes in placental villi versus their relative maternal blood sam-
ples, lower methylation was observed in all placental groups except in third trimester villi group in case of SNRPN 
DMR. In case of PEG10 and MEST DMR, all placental groups showed significantly higher methylation relative to 
their corresponding maternal blood groups, expect that relatively lower methylation for PEG10 observed in case 
of molar placental group (Fig. 3C).

Correlating the DMR methylation of these genes with their respective mRNA expression levels among pla-
cental villi groups and JEG-3 cells predicted a strong correlation between these variables, Pearson correlation 
coefficient ‘r’ was estimated to be − 0.93 (p <  0.05), − 0.97 (p <  0.01) and − 0.73 for SNRPN, PEG10 and MEST 
respectively. Furthermore, Pearson correlation analysis between DMR methylation of these genes was also 
detected to be highly significant among these groups ‘r’ being 0.99 (p <  0.001), 0.83 (p <  0.05) and 0.82 (p <  0.05) 
for SNRPN vs PEG10, SNRPN vs MEST and PEG10 vs MEST respectively.

Figure 1. Relative fold change in mRNA of imprinting genes normalized with GAPDH. Relative mRNA 
expression among (A) placental villous samples and JEG-3 cells (B) maternal blood leukocytes [*p <  0.05, **p <  0.01, 
***p <  0.001 vs 1st trimester, #p <  0.05, ###p <  0.001 vs 2nd trimester, €€p <  0.01, €€€p <  0.001 vs 3rd trimester and 
¥¥¥p <  0.001 vs molar]. The data is presented as mean of the observed fold change ±  SEM, n =  30 per group.
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Figure 2. DNA methylation at DMRs of imprinting genes as predicted by HRM software. HRM difference 
plots for (A) SNRPN (B) PEG10 (C) MEST. Each representing three difference plots: first one for methylation 
standards in different colors (M100% - M0%, which stands for DNA methylation standards with 100 to 0% 
methylation) normalized to the 0%-methylated standard DNA, second and third difference plots for few 
selected samples from placental villous groups & JEG-3 cells and maternal leukocyte groups represented in 
different colors and methylated standard curve of M100 to 0% represented as black curves. Note: “Trim” stands 
for trimester.
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DMRs/promoters of imprinting genes show occupation of histone3 lysine trimethyla-
tions. Transcription inhibiting histone modifications like histone trimethylation at lysine 9 and 27 (H3K9/
K27me3), were quantified at SNRPN, PEG10 and MEST DMRs/promoters in normal placental villi groups as well 

Figure 3. DNA methylation at DMRs of imprinting genes. (A) Box-and-whisker plot to show % CpG methylation 
among different placental villous samples and JEG-3 cells, (B) Box-and-whisker plot to show % CpG methylation 
among maternal blood leukocytes [*p <  0.05, **p <  0.01, ***p <  0.001 vs 1st trimester, #p <  0.05, ##p <  0.01, ###p <  0.001 
vs 2nd trimester, €p <  0.05 vs 3rd trimester and ¥¥¥p <  0.001 vs molar], and (C) % CpG methylation in villous samples in 
reference to their corresponding maternal blood leukocytes [*p <  0.05, **p <  0.01,***p <  0.001]. n =  30 per group.
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as preeclampsia and molar villi groups via ChIP assay relative to non-specific antibody as background in each 
placental villi group as shown in Fig. 4A and B. ChIP analysis detected almost equal fold enrichment in H3K9me3 
level at SNRPN DMR among different categories with no significant difference observed. H3K9me3 at PEG10 
DMR, was found to be nonsignificantly increased in midgestation and term placenta, relative to first trimester 
placenta. ChIP analysis detected higher promoter occupancy by H3K9me3 in MEST, in third trimester relative to 
first trimester being raised by 2.8 fold (p <  0.05) (Fig. 4A).

A significant increase in fold enrichment of H3K27me3 was observed at DMRs of all three imprinting genes 
with advancing normal gestation which was found to be raised by 1.7-, 4.9- and 2.2- fold (p <  0.05) in third tri-
mester relative to first trimester. Development of preeclampsia was observed to be associated with a significant 
increase of 1.5 fold (p <  0.05) in H3K9me3 level at PEG10 DMR and some non-significant increase in levels of 
H3K27me3 at SNRPN and MEST DMRs. Furthermore, molar placental villi showed lower levels of H3K9me3 at 
PEG10 DMR (1.9 fold, p <  0.05) and H3K27me3 at SNRPN and MEST (2.7 fold, p <  0.05 and 1.5 fold respectively) 
(Fig. 4B).

Multiple regression analysis performed to analyze the effect of epigenetic regulation via DNA methylation as 
well as H3K9/27me3 on mRNA expression of imprinting genes within placental villi groups, predicted higher 
regression coefficient “r2”, which was estimated to be 0.99 (p <  0.05) for both SNRPN and PEG10, while r2 was 
0.84 for MEST (Table 1). Comparing individual variables with mRNA expression of these genes using Pearson 
correlation analysis confirmed strong correlation between mRNA expression of SNRPN with its H3K27me3 levels 
(r =  − 0.89, p <  0.05), PEG10 with its H3K9me3 (r =  − 0.73) and MEST with both its H3K9me3 (r =  − 0.87) and 
H3K27me3 (r =  0.88, p <  0.05).

Expression of SNRPN, PEG10 and MEST in relation to the methylation at their DMRs in pla-
cental cell lines. Comparison of the relative mRNA expression levels of SNRPN, PEG10 and MEST in JEG-3 
and HTR-8/SVneo cell lines and normal first trimester villous tissue (Fig. 5A), revealed the lowest expression of 
SNRPN and PEG10 in JEG-3 cells being 15 fold (p <  0.001) and 5-fold (p <  0.01) lower than normal first trimester 
villi, while the expression of these genes was observed to be the highest in HTR-8/SVneo cells (raised by 4.4- and 
5.7- fold, respectively, p <  0.001). However, there was almost negligible expression of MEST in HTR-8/SVneo 
and JEG-3 cells relative to first trimester villi (p <  0.001). Estimation of the DMR methylation percentage for 
SNRPN. PEG10 and MEST revealed inverse trend in methylation percentage in JEG-3, HTR-8/SV/neo cells and 
first trimester villi as that observed for their mRNA expression suggesting DNA methylation mediated regulation 
of their mRNA expression (Fig. 5B). In addition the methylation status of these genes in isolated first trimester 
cytotrophoblasts was observed to be almost similar to that observed in first trimester villi. MS-HRM analysis 
revealed hypermethylation at SNRPN DMR (96.5% ±  2.67%), while it was moderately methylated in HTR-8/
SVneo cells, cytotrophoblasts and first trimester villi (33.5 ±  2.13, 34.6 ±  1.7 and 42.7 ±  10%, respectively). 
PEG10 DMR was detected to be almost unmethylated in HTR-8/SVneo cells (0.18 ±  0.3%), hypermethylated in 
JEG-3 cells (68.2 ±  11.6%) and moderately methylated in normal first trimester villi (38 ±  4%) and isolated first 

Figure 4. Quantification of histone trimethylation at DMRs of imprinting genes among placental villous 
groups. Fold enrichment relative to non-specific IgG acting as negative control and normalized with input DNA 
in (A) H3K9me3 and (B) H3K27me3. The data is presented as mean of the observed fold change ±  SEM; n =  4 
per group. *p <  0.05 vs 1st trimester, #p <  0.05 vs 2nd trimester, €p <  0.05 vs 3rd trimester.
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trimester cytotrophoblasts (33.8 ±  4). MEST DMR was observed to be equally hypermethylated in JEG-3 and 
HTR-8/SVneo with almost 98% methylation, while normal first trimester placenta and cytotrophoblasts were 
found to be hypomethylated with 6.4 ±  2.3 and 7.5 ±  1.2% methylation, respectively.

Folic acid levels in placental villi groups. Estimation of folic acid levels in placental villous samples from 
different study groups revealed significantly decreased folate levels in preeclamptic placental villi (9.89 μ g/g tissue, 
p <  0.001) and molar villi (9.39 μ g/g tissue, p <  0.01), in reference to their respective control groups (Fig. 6).

Effect of folic acid supplementation on mRNA expression and DNA methylation of imprinting 
genes. In order to find the possible effect of folic acid supplementation at two different concentrations i.e. 
10−7M and 10−4 M [which represents the concentrations in physiological range (400–600 μ g/day) and a much 
higher concentration than physiological range respectively] on the mRNA levels of imprinting genes in placenta 
and the contribution of altered DNA methylation in it, we analyzed the mRNA expression and DMR/promoter 
methylation of SNRPN, PEG10 and MEST under these conditions. Folic acid supplementation strongly increased 
the expression of SNRPN at both the concentrations. In JEG-3, HTR-8/SVneo cells and cytotrophoblasts it raised 

Gene

Pearson Correlation analysis: r Multiple regression analysis 
with mRNA expression as 

dependent variable: r2 (SEM)#H3K9me3 H3K27me3
mRNA vs DNA 

methylation

SNRPN
mRNA 0.12 − 0.89*

− 0.93* 0.99* (0.00029)
DNA methylation − 0.2 0.75

PEG10
mRNA − 0.73 − 0.31

− 0.97** 0.99*(0.0042)
DNA methylation 0.54 0.1

MEST
mRNA − 0.87 − 0.88*

− 0.75 0.84 (0.0047)
DNA methylation 0.88* 0.63

Table 1.  Pearson correlation and multiple regression analysis for SNRPN, PEG10 and MEST in all five 
placental villous groups. R =  Pearson coefficient, r2 =  regression determination coefficient, SEM =  standard 
error of measurement, UD =  undetermined due to unmethylated gene DMR/promoter. #Equation for 
Prediction for each gene was “mRNA expression =  β 1H3K9me3 +  β 2H3K27me3 +  β 3DNA methylation +  α ”, 
where β 1, β 2, β 3 are regression coefficients and α  is intercept of test. *p <  0.05 and **p <  0.01.

Figure 5. Regulation of differential mRNA expression via DNA methylation in placental cell lines, isolated 
cytotrophoblasts and normal first trimester placental villi. (A) qRT-PCR analysis of candidate tumor 
suppressor genes. (B) MS-HRM analysis of candidate tumor suppressor genes. ‡‡p <  0.01, ‡‡‡p <  0.001 vs first 
trimester villi, $$$p <  0.001 vs isolated cytotrophoblasts and ^^p <  0.01, ^^^p <  0.001 vs HTR-8/SVneo. The data 
is presented as mean of observed percentage methylation ±  SEM of three experiments for cell lines, isolated 
cytotrophoblasts and for 30 patients in first trimester placental villi group.
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the expression by 2.6-, 3.4- and 2.5-fold at 10−7 M folic acid supplementation with respect to their relative control 
cells (p <  0.001) and then further by 1.6-, 1.3- and 1.4- fold (p <  0.01) at 10−4 M, relative to their respective 10−7 M 
folic acid supplemented cells. However, folic acid was able to induce the mRNA expression of PEG10 by 2.12 
fold (p <  0.001), only in case of JEG-3 cells at 10−7 M concentration, relative to control cells. Folic acid showed a 
differential cell line specific response in the mRNA expression of MEST, decreasing it by almost 2 fold (p <  0.001) 
in JEG-3 cells and increasing by 1.4 fold (p <  0.01) in HTR-8/SVneo cells at 10−7 M folic acid concentration and 
then further by 2.5 fold (p <  0.001) at 10−4 M folic acid concentration relative to untreated cells (Fig. 7A). Folate 
supplementation induced no significant change in the expression of MEST in first trimester cytotrophoblasts.

Analyzing the effect of folic acid supplementation on CpG methylation of these imprinting genes revealed a 
significant dose dependent effect on SNRPN methylation in JEG-3, HTR-8/SVneo cell lines and cytotrophoblasts, 
decreasing DMR methylation by 1.5- (p <  0.01), 1.2- (p <  0.05) and 1.2- (p <  0.05) fold, respectively, at 10−7 M 
folic acid concentration with respect to untreated cells. Similarly, it decreased by 1.8-, 2.2- (p <  0.001) and 1.4- 
(p <  0.01) fold, respectively, at 10−4 M folic acid concentration with respect to untreated cells. However, folic acid 
supplementation was not observed to induce any significant change in methylation at DMRs of PEG10 and MEST 
(Fig. 7B). Pearson correlation analysis upon folic acid supplementation revealed high inverse correlation between 
the change induced in mRNA expression and DNA methylation of SNRPN (r =  − 0.96).

Fetal originated imprinting gene DMRs in maternal plasma as epigenetic DNA markers. In 
order to analyze the potential of DMRs of imprinting genes to act as fetal DNA epigenetic marker in maternal 
blood we analyzed the methylation of DMRs, in cell free circulating DNA in maternal plasma which is a combina-
tion of maternal DNA derived from maternal leukocytes as well as fetal DNA derived from placenta. In this study, 
SNRPN and MEST DMRs were observed to show significantly different methylation percentage in placental villi 
groups relative to their corresponding maternal blood DNA. SNRPN DMR was observed to be show lower meth-
ylation in molar placenta when compared to molar blood samples, based on this difference we analyzed SNRPN 
methylation in molar maternal plasma samples (Fig. 8A), where a 18% (p <  0.001), decrease in SNRPN DMR 
methylation, relative to that in molar blood DNA was observed. This shows the presence of hypomethylated fetal 
SNRPN in maternal plasma, highlighting the potential of SNRPN to act as an epigenetic marker specific for molar 
pregnancy. The potential of MEST DMR to act as a fetal epigenetic marker in maternal plasma was analyzed in all 
groups (Fig. 8B), since there was a clear and significant difference in MEST DMR methylation between placental 
DNA and maternal blood DNA in all study groups. MEST DMR methylation was found to be significantly higher 
relative to the respective maternal blood leukocyte DNA in normal second and third trimester, preeclampsia and 
molar groups (p <  0.001, p <  0.05). The average MEST DMR methylation in plasma samples being 14 ±  3.4% in 
second trimester, 13 ±  2.8% in third trimester, 13 ±  5.1% in preeclampsia and 10 ±  4.2% in molar, thus showing 
the potential of MEST to act as fetal DNA epigenetic marker during normal gestation after midgestation as well as 
in placental disorders. The absence of higher methylation at MEST DMR in first trimester maternal plasma and 
the observed significantly higher methylation at MEST DMR in molar maternal plasma, suggests the use of MEST 
DMR as a marker specific to diagnose molar pregnancy in reference to normal early pregnancy.

Discussion
This is the first study to show association of abnormal DNA and histone methylation at DMRs of SNRPN, 
PEG10 and MEST with the development of placental disorders. The most prominent physiological resemblances 
between placentation and cancer development is the proliferation and invasion of cells into surrounding tissue. 
Such resemblances are attributed to similar expression of various growth factors and tumor like methylome in  
placenta3,4. However, unlike cancer development the proliferation and invasion processes exhibited by placental 
trophoblasts are tightly regulated during normal placentation. Any variation, lower or higher than the physio-
logical level leads to placental disorders like preeclampsia and hydatiform mole, respectively. In this context, we 
intended to find the role of three paternally expressed genes: SNRPN, PEG10 and MEST, with known function in 
placental development and carcinogenesis38–40. These genes are involved in mediating cell proliferation, invasion 

Figure 6. Relative Folic acid levels among different placental villi samples categories. Folate levels in ug/g of 
villous tissue in normal 1st, 2nd and 3rd trimester, preeclampsia and molar villi samples. The data are expressed as 
mean value ±  SEM. **p <  0.01, ##p <  0.01 w.r.t second trimester and €€€p <  0.001 w.r.t third trimester.
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and growth, thus, highlighting their potential in tumor formation. The biological importance of the regulated 
expression of these genes in human development can be estimated by the fact that any abnormal change within 
the chromosomal regions harboring these genes have been associated with various syndromes like Angelman 
syndrome or Prader-Willi syndrome41,42, Silver–Russell syndrome (SRS)31 and cancer development43.

Based on this background knowledge, we hypothesized the possible role of epigenetic deregulation at DMRs 
of SNRPN, PEG10 and MEST in development of placental disorders. This was studied in reference to the epige-
netic regulation of these genes during normal placentation. Dynamic nature of placental gene expression has been 
referred to be an adaptive mechanism which allows placenta to coordinate with changing gestational conditions44.

Figure 7. Effect of folic acid supplementation on imprinting gene regulation in placental cell lines and 
isolated cytotrophoblasts. (A) Effect of folic acid supplementation on relative mRNA expression of imprinting 
genes. (B) Effect of folic acid supplementation on percentage CpG methylation at DMRs of imprinting genes. 
F0-without folic acid supplementation, F10−7 and F10−4 - folic acid supplementation at the concentration of 
10−7 and 10−4 M respectively. The data is presented as mean ±  SEM, of three experiments. *p <  0.05, **p <  0.01, 
***p <  0.001 w.r.t the respective F0 control and ##p <  0.01, ###p <  0.001 w.r.t the respective F10−7 treated cells.
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In our study, the mRNA expressions of SNRPN, PEG10 and MEST were observed to decrease with advanc-
ing gestation in placental tissue and seemed to be regulated by increased methylation at their DMRs as well 
as H3K27me3 level and additionally increased H3K9me3 levels for MEST. Based on the importance of these 
genes in tumor growth, the observed high expression of these genes in early pregnancy suggests the possible 
role of these genes in high tumorous behavior associated with early gestational placenta. In light of these studies 
and our results we suggest the role of both DNA and histone methylation at DMRs of these genes in regulating 
normal pregnancy. Studies have also reported a mechanistic relationship between DNA methylation and his-
tone modifications present at DMRs of SNRPN45, PEG1046 and MEST47, suggesting the role of DNA methylation 
in acquisition or preservation of histone methylation at these regions48. Differential mRNA expression of these 
genes had not been estimated earlier during advancing gestation in human placenta. Although, the importance of 

Figure 8. Evaluation of SNRPN and MEST as a fetal DNA epigenetic marker. (A) SNRPN and (B) MEST, 
each figure represents a difference plot showing methylation standards in different colors (M100%–M0%, which 
stands for DNA methylation standards with 100 to 0% methylation) normalized to the 0%-methylated standard 
DNA and few representative samples of each group and a graphical representation of % CpG methylation 
detected within placental villous samples, maternal blood leukocytes (MBL), maternal plasma samples obtained 
pre- obstetric procedure (pre-Plasma) and post-delivery (post-Plasma, only in case of third trimester group) 
from each group. The data is presented as mean percentage methylation ±  SEM, n =  30 per group. *p <  0.05, 
***p <  0.001 w.r.t the respective maternal blood leukocytes and ###p <  0.001 w.r.t the pre-plasma.



www.nature.com/scientificreports/

1 1Scientific RepoRts | 7:40774 | DOI: 10.1038/srep40774

these genes is supported by the reported methylation defects at DMRs of these imprinting genes associated with 
assisted reproductive technology25,40,49–51.

The fact that molar pregnancy arises due to fusion of a sperm with an ovum lacking maternal chromosome52, 
supports the observed higher expression of these paternally expressed genes in molar villi, mediated by decreased 
methylation at their DMRs, relative to normal early gestation placenta. Further, it was also observed to be associ-
ated with decreased H3K27me3 level at SNRPN DMR and H3K9me3 level at PEG10 DMR. This observed epige-
netic dysregulation and upregulation of gene expression in molar villi might be contributing to enhanced cellular 
proliferation and invasion of molar tissue, as these genes are known to show similar aberrant changes in various 
tumors like Wilms and germ cell tumors53,54. However, in JEG-3 cells minimal expression of these genes mediated 
by abnormally higher methylation at their DMRs, which suggests the possible role of aberrant hypermethylation 
at these DMRs in development of choriocarcinoma. Previously, deregulation of IGF2 and H19 genes has also been 
observed in GTDs55,56. This observed difference in molar placenta and JEG-3 cells can also be attributed to the fact 
that choriocarcinoma cell lines exhibit highly complex chromosomal aberrations57.

Whereas, development of preeclampsia, which involves lower growth and invasive potential of placental 
trophoblasts, was associated with down regulation of these placental growth and invasion promoting genes21. 
This decreased expression of SNRPN and MEST seemed to be regulated mainly by increased H3K27me3 levels 
in preeclamptic villi relative to normal third trimester villi. MEST expression was also found to be abnormally 
lower in preeclamptic maternal blood suggesting the role of overall decrease in MEST levels in development of 
preeclampsia. Decreased expression of MEST as observed in our study, might be contributing to poor angiogen-
esis observed in preeclampsia, as supported by the role of MEST in trophoblastic angiogenesis27. Supporting this 
phenotype lower mRNA levels of MEST have also been reported in intrauterine growth restricted placentas58.

Within in all studied placental villi groups a strong transcriptional regulation of these genes via CpG meth-
ylation and histone modifications is supported by their observed higher multiple regression coefficient value 
(r2 =  0.99, p <  0.05, in case of SNRPN and PEG10, while r2 =  0.84 in case of MEST). Moreover, significantly high 
positive correlation between the DNA methylation levels at DMRs of these three genes within these placental villi 
groups, suggests some similar mechanism regulating their DNA methylation within placenta.

Analyzing the effect of DNA methylation at DMRs of SNRPN, PEG10 and MEST in JEG-3 and HTR-8/SVneo 
cells in reference to normal first trimester villi revealed hypermethylation mediated least expression in JEG-3 
cells in case of SNRPN and PEG10, whereas MEST DMR was observed to be hypermethylated both in JEG-3 and 
HTR-8/SVneo cells with corresponding lower expression relative to normal first trimester villi. Thus, suggesting 
strong transcriptional regulation of these genes in these cell lines.

In general, folic acid supplementation is usually recommended priconceptionally during early pregnancy and 
even till late midgestation in some cases. Therefore, analyzing the effect of folic acid supplementation on the 
mRNA expression of these placental genes is of predominant significance. Furthermore, folic acid is also used as 
a therapy to restore the methylation and expression levels of various genes59. In this context, our study revealed 
decreased methylation at DMR of SNRPN upon folic acid supplementation in a dose dependent manner, sup-
ported by their strong negative correlation (r >  − 0.87) and correlated with the corresponding increase in mRNA 
expression of SNRPN (r >  − 0.94). Such inverse relation between folate level and DNA methylation was also found 
by Hoyo et al.60 for H1960. The decreased methylation of SNRPN, upon folic acid supplementation might be due 
to decreased expression of DNMT3A, which was also found to be down-regulated by folic acid supplementation 
in our study (unpublished data), as DNMT3A is specifically involved in methylation of imprinting genes61. It is 
also supported by the high correlation observed in our study, between decreasing methylation of SNRPN and 
decreasing expression of DNMT3A (r =  0.99, p <  0.05). Such increased expression upon folic acid treatment in 
case of PEG10, was observed only in choriocarcinomic JEG-3 cells, at lower folic acid supplementation while 
no such change was induced in extravillous HTR-8/SVneo cell line. Overexpression of PEG10 has earlier been 
correlated with various cancers such as B-cell lymphocytic leukemia and hepatocellular carcinoma39. Therefore, 
folic acid mediated increase in PEG10 expression, might be promoting malignancy like phenotype of placental 
development. Our results for MEST mRNA expression showed a differential cell line specific response, upon 
folic acid supplementation, with inhibitory effect in JEG-3 cells and activating effect in HTR-8/SVneo cells. This 
supports the earlier study showing the cell line specific effect of folic acid supplementation62. Folic acid has also 
been reported to induce such differential expression of genes in lymphoblastoid cells63. Previous studies have 
reported increased methylation at DMR of IGF2 in children, upon periconceptional supplementation of maternal 
folic acid64, whereas, supplementation of folic acid after 12 weeks of gestation has been correlated with increased 
level of methylation at IGF2 and decreased methylation at PEG3 and LINE165. Thus, our results and these studies 
emphasize the folate induced regulation of gene expression and DNA methylation in a manner specific to genes 
and particular cell type.

The significance of fetal DNA epigenetic markers has been highlighted by the recent discovery of a few such 
markers and their utility in non-invasive prenatal diagnosis and early diagnosis of pregnancy related disor-
ders66,67. Based on this knowledge, we designed the other part of our study aimed to explore the potential of the 
DMRs of these selected genes as fetal DNA epigenetic marker. For this purpose, we analyzed the DMRs which 
were observed to be differentially methylated between maternal DNA and placental DNA in our study. Therefore, 
we selected MEST and SNRPN DMRs based on our data and analyzed these DMRs in maternal plasma to search 
for methylation pattern specific to fetal (placental) DNA. Previously, the difference among maternal and fetal 
methylation levels at ICRs of imprinting regions had been utilized for the development of fetal specific epigenetic 
markers in an allele specific pattern. The ICRs of Igf2 and H19 genes were analyzed in maternal plasma in order 
to search for fetal specific methylation pattern68. However, this approach required further genotypic analysis of 
differentially methylated region via biallelic polymorphism for confirming the results. On the other hand, accord-
ing to our procedure such confirmation is not required, as our approach is not specific to any allele, instead we 
searched for the methylation pattern mimicking the pattern observed for fetal (placental) DNA, thus, reflecting 
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the presence of fetal DNA in maternal plasma. Therefore, based on our results the presence of fetal DNA can be 
determined in maternal plasma via a single step and simpler test.

In our study we have observed MEST as a potential fetal DNA epigenetic marker both in normal as well as in 
complicated pregnancies. Although, the observed methylation level of MEST DMR/promoter was less than 20% 
in different groups but it was easily detectable in the background of unmethylated MEST DMR in maternal blood 
cells. Moreover, MEST DMR was found to be higher methylated in maternal plasma in all groups, except in the 
first trimester plasma where it was found to be hypomethylated in comparison to maternal plasma of molar preg-
nancies, thus, giving an additional advantage to MEST DMR to be used as a diagnosis marker for molar pregnan-
cies. In case of SNRPN DMR lower methylation was observed in placental villi in comparison to maternal blood, 
specifically in molar group, resulting in a drop of methylation in maternal plasma. Thus, suggesting SNRPN to be 
a potential epigenetic marker specific to molar pregnancy. Similar pattern of lower methylation has previously 
been reported for SERPINB5 (maspin) promoter in maternal plasma and the raised concentration of its unmeth-
ylated sequences has been correlated with preeclamptic pregnancies in reference to normal term pregnancies67.

There are few limitations in the present study. Firstly, the sample size is small in order to fully validate the 
observed fetal DNA epigenetic markers. However, this is a preliminary study which screened these DMRs for 
their potential to act as fetal DNA epigenetic marker in different groups and thus, can be further validated in 
larger population. Secondly, this study has not analyzed the allele specific expression of these genes which are 
known to be involved in imprinting. This study intended to compare the relative expression and the total amount 
of DNA and histone methylation present at the DMRs also known as their promoter regions, of these genes irre-
spective of its origin, between different physiological and pathological groups. Therefore, this study can provide a 
sufficient insight to further analyze the allele specific expression of these genes in different groups.

In summary, these data present the first evidence supporting the importance of tight regulation of both DNA 
methylation and histone trimethylation at DMRs of SNRPN, PEG10 and MEST during physiological pregnancy 
and suggests the dysregulation of these modifications as contributing factor for development of gestational troph-
oblastic diseases and preeclampsia. Our data also suggests the role of higher expression of these genes in enhanc-
ing the malignant phenotype of placenta during early pregnancy and the possible gene specific effect of folic acid 
supplementation which may be further enhancing the malignant phenotype of placenta. Moreover, our study 
highlights the potential of MEST and SNRPN DMRs to act as fetal DNA epigenetic marker for their use in pre-
natal diagnosis or early diagnosis of placental pathologies, which however, needs to be further validated in larger 
population and in early gestational pregnancies.

Methods
Study approval. Consent was taken in writing from all pregnant women included in this study after clearly 
informing them about the study. Patient samples were collected and processed according to the relevant instruc-
tions and guidelines. The study had been approved by Institute Ethics Committee (IEC) of Postgraduate Institute 
of Medical Education and Research (PGIMER). All the experimental work was done at PGIMER after approval of 
the plan of work from institutional Dean Doctoral Committee (DDC).

Design of the study and collection of biological samples. Pregnant women with normal gestation in 
three different trimesters of pregnancy (first, second and third trimester, n =  30 in each group) and two placen-
tal disorders: preeclampsia (n =  30) and hydatidiform mole (n =  15) were recruited in this study from depart-
ment of Obstetrics and Gynecology of PGIMER, India. Pregnant women were included into different categories 
according to set criteria. The three normal gestation groups first-, second- and third-trimester included pregnant 
women of 6–11 weeks, 16–20 weeks and 37–40 weeks pregnancy respectively. Pregnant women diagnosed with 
clinical symptoms of 140/90 mm Hg systolic/diastolic pressure, proteinuria > 300 mg in 24 hr were included in 
preeclamptic group while hydatidiform mole group included pregnant women in early gestation diagnosed for 
molar pregnancy by ultrasonography and confirmed by histopathology. Pregnant women with any medical com-
plication like (gestational diabetes or diabetes mellitus, hypertension, thyroid malfunctions and any reported 
infection), placenta previa, fetal anomaly, known genetic disorder in previous children or fetal malformations, 
oligohydramnios, hydramnios, preterm labor, premature rupture of the membranes during the present preg-
nancy, were excluded from our normal trimester groups. The demographic characteristics of pregnant women 
included in this study are given in Table 2. Fresh placental tissues were obtained from normal gestational as well 
as complicated pregnancies either after caesarean delivery in case of third trimester or preeclamptic pregnancies 
or termination of pregnancy in case of first and second trimester or molar pregnancies. We took almost 5 mm3 
of chorionic villi section beneath 5 mm of the outer layer of the placenta. This position was kept almost constant 
for different placentae and was selected near umbilical cord insertion region. Chorionic villi were dissected and 
separated from amniochorionic membranes, blood vessels and maternal tissue under microscope, followed by 
removal of fetal and maternal blood by rinsing with phosphate buffered saline. Tissue samples were also routinely 
for their histopathology by hematoxylin and eosin staining, in order to check the accuracy of sample collection 
and to check the morphology of placental villi obtained from different trimester. From each pregnant woman 
10 mL of maternal peripheral blood was withdrawn before any obstetric procedure. These maternal blood sam-
ples were used for the isolation of plasma and maternal blood leukocytes69. In addition, maternal blood samples 
were also collected after 24 hrs of delivery from pregnant women with normal full term pregnancy, later used for 
isolation of plasma DNA. Placental tissue samples, isolated maternal blood leukocytes and plasma samples were 
then stored at − 80 °C till isolation of DNA and RNA.

In-vitro Cell culture based studies. In-vitro studies were done using two adherent placental cell lines viz 
a choriocarcinoma cell line (JEG-3) and transformed extravillous trophoblast cell line (HTR-8/SVneo) (Source: 
American Type Culture Collection -ATCC). JEG-3 cells were maintained in DMEM-HG (Dulbecco’s Modified 
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Eagle’s Medium-High Glucose), with 4500 mg/L glucose and HTR-8/SVneo cell line were maintained in RPMI-
1640 medium, supplemented with L-glutamine and sodium bicarbonate (3.7- and 2-g/L respectively), HEPES 
(25 mM) and FBS (10%). Both the cell lines were used to study the expression of SNRPN, PEG10 and MEST and 
their regulation via DNA methylation. Additionally, these cell lines were also used to study the effect of folic acid 
supplementation on the expression of these imprinting genes and their DNA methylation under physiological 
concentration (10−7 M) and higher than physiological folate level (10−4 M). Folic acid was dissolved in 1 M NaOH 
and cells were treated for 48 hrs.

Quantitative mRNA estimation. For mRNA quantification studies, RNA was extracted from placental 
villous samples, maternal blood leukocytes and two placental cell lines (JEG-3 and HTR/SVneo) using TRIzol 
(Ambion, Life Technologies Corporation, California). One μ g of isolated RNA isolated was used in reverse tran-
scription to obtain cDNA using RevertAidTM M-MuLV-RT kit (MBI Fermentas, Life Sciences, USA). Endpoint 
qRT-PCR (quantitative reverse transcriptase polymerase chain reaction) was carried in Applied Biosystems real 
time PCR (Life Technologies Corporation, California) on reaction mixture prepared for each sample by mixing 
SYBR Green master mix (5 μ L) with 60 ng of obtained first-strand cDNA template (1 μ l), 500 nM of gene specific 
primers, 1.5 mM MgCl2 in a reaction volume of 10 μ L. PCR products were amplified using gene specific prim-
ers. mRNA expression was normalized to the GAPDH (glyceraldehyde-3-phosphate dehydrogenase), for which 
the Ct values were observed to be constant across different trimesters. Relative fold changes in gene expression 
between different groups were calculated using the comparative threshold cycle or Ct method (Δ Δ CT) method70. 
The primers used for mRNA estimation assay are shown in Table 3.

Methylation-Sensitive High Resolution Melting (MS-HRM) analysis. Total genomic DNA iso-
lated by DNA isolation kit (Real Genomics, Real Biotech Corporation, Taipei, Taiwan), from placental villi 
samples, maternal blood leukocytes, JEG-3 and HTR/SVneo cell lines, circulating DNA isolated by Miniprep 
DNA isolation kit (Bioserve, MD, USA), from maternal plasma were used to estimate the DMR/promoter region 
methylation percentage by MS-HRM (methylation sensitive high resolution melting analysis) as described pre-
viously37. The MS-HRM analysis is based on the method given by Wojdacz and Dobrovic71. It detects single 
nucleotide changes within an amplicon based on the observed changes in its thermodynamic characters using 
sensitive thermocycler and an intercalating dye. Bisulfite treatment was given to the isolated DNA using EZ DNA 
Methylation-Gold Kit (Zymo Research, USA), in order to induce nucleotide changes, converting unmethylated 
cytosines into uracil, which changes into thymidine after DNA replication. Methylation standards (i.e 100% and 
0% methylation standards) were generated before any MS-HRM assay. For the 0% methylation standard we have 
used commercially available control DNA from Qiagen (EpiTect®  Control DNA), while the enzymatic treat-
ment of genomic DNA was used to synthesize fully methylated DNA (100% methylation standard) using M.SssI 
enzyme (CpG Methyltransferase, New England Biolabs, Beverly, MA, USA). These methylation standards were 
also subjected to bisulfite conversion. DNA standards of 0 and 100% methylation were mixed together in proper 
proportion to generate DNA standards of 0, 0.5, 5, 10, 20, 40, 60, 80 and 100%, methylated standards. In order 
to determine the bias in primers, each assay was standardized by amplifying 50% methylation DNA standard 
along with 100, 25 and 0% standards at different annealing temperatures and other conditions, followed by anal-
ysis of melt curves in order to select the condition which gives almost equal amplification of methylated and 
unmethylated peaks for 50% methylation standard. High resolution melting analysis was performed on Applied 
Biosystems®  StepOnePlus™  Real-Time PCR using gene specific primers (Table 3). This was followed by analy-
sis of raw melt curves in MS-HRM software version 3.0.1. from Applied Biosystems and then finally the exact 
percentage of methylation of unknown samples was estimated in reference to methylation standards by Polyfit 
interpolating function within program MatLab (The MathWorks, Inc., USA).

Chromatin immunoprecipitation (ChIP) assay. Chromatin immunoprecipitation (ChIP) was per-
formed on placental villi samples to estimate the levels of H3K9me3 and H3K27me3 at DMR/promoter region 
of genes as previously described37. Briefly, 25 mg of placental villi was fixed in 1.5% formaldehyde, followed by 
its disaggregation to a single cell suspension, which was subjected to sonication for shearing of chromatin. The 
sheared chromatin lysate was then divided into aliquots to be used for input DNA, immunoprecipitation with 

First trimester Second trimester Third trimester Preeclampsia Molar

No of pregnant women 
included 30 30 30 30 15

Gestational age 
(weeks ±  SD) 8.2 ±  1.4 18 ±  1.6 38 ±  0.8 35.3 ±  2.5 13.6 ±  2.9

Maternal age (years) 27.9 ±  3.4 27.6 ±  3.9 28 ±  3.5 26 ±  3.3 25.1 ±  2.6

Average Blood pressures 
systolic/diastolic mm Hg 120/80 120/80 120/80 > 140/90 120/80

Delivery mode/Sample 
collection

Dilation and Curettage 
for medical termination 

of pregnancy.

Dilation and 
Curettage for medical 

termination of 
pregnancy.

Caesarean section Caesarean section

Dilation and 
Curettage 

for medical 
termination of 

pregnancy

Table 2.  Demographic characteristics of pregnant women included in this study.



www.nature.com/scientificreports/

1 4Scientific RepoRts | 7:40774 | DOI: 10.1038/srep40774

anti-trimethyl H3-K9/K27 Ab (Abcam, Cambridge, England, UK) and normal rabbit immunoglobulin G (IgG) 
in proper proportion. Phenol chloroform method was used for DNA isolation from input and immunoprecipi-
tated complexes and then quantified by real time PCR using gene specific primers (Table 3). ChIP assays for each 
histone modification specific to a particular gene were done in triplicates. Data was normalized with input DNA 
and calculated relative to non-specific antibody as fold enrichment.

Estimation of folate levels by microbiological assay. The folate levels within placental villi samples 
were estimated using Lactobacillus casei assay, as previously explained72. Briefly, 10% homogenate of villous tis-
sue was prepared in folate extraction buffer containing 50 mM ascorbic acid. The homogenate was incubated for 
10 min at 110 °C, followed by centrifugation and the treatment of separated supernatant with rat plasma conju-
gase, which hydrolyzes the polyglutamated folate to monoglutamated folate form. The free folate is utilized by  
L. casei for its growth, hence the levels of folic acid levels are determined by measuring bacterial growth. In each 
assay, the standards of known folic acid concentration were run along with the samples.

Statistical methods. In our study the data from preeclampsia group has been compared to gestational age 
matched normal third trimester group, whereas molar group has been compared to normal first and second tri-
mester group for their statistical analysis. For statistical analysis, of more than two groups we performed one-way 
analyses of variance ANOVA (α  =  0.05) followed by Fisher post-hoc test. Student’s t-test was used to compare the 
significance of variance between two groups, using IBM SPSS statistical program (v.16, NY, USA) and GraphPad 
Prism (v.5.00.288) were used for statistical analysis. Further, the correlation between different parameters was 
calculated by Pearson’s correlation analysis. In addition, multiple regression analysis was carried out to study the 
effect of epigenetic regulatory mechanisms on the mRNA expression. Data were expressed as mean ±  SEM and 
were considered statistically significant at p <  0.05.
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