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Abstract

The precise etiology of preeclampsia is unknown. Family studies indicate that both genetic

and environmental factors influence its development. One of these factors is NFkB, whose

activation depends on NEMO (NFkB essential modulator. This is the first study to investi-

gate the association between the existence of single nucleotide variant of the NEMO gene

and the appearance of preeclampsia. A total of 151 women (72 preeclamptic women and 79

controls) and their children were examined. Sanger sequencing was performed to identify

variants in the NEMO gene in the preeclamptic mothers. The maternal identified variants

were then sought in the studied groups of children, and in the maternal and child controls,

using RFLP-PCR. Real-time RT-PCR was performed to assess NEMO gene expression in

maternal blood, umbilical cord blood and placentas. The sequencing process indicated the

existence of two different variants in the 3’UTR region of the NEMO gene of preeclamptic

women (IKBKG:c.*368C>A and IKBKG:c.*402C>T). The simultaneous occurrence of the

TT genotype in the mother and the TT genotype in the daughter or a T allele in the son

increased the risk of preeclampsia development 2.59 fold. Additionally, we found that the

configuration of maternal/fetal genotypes (maternal TT/ daughter TT or maternal TT/son T)

of IKBKG:c.*402C/T variant is associated with the level of NEMO gene expression. Our

results showed that, the simultaneous occurrence of the maternal TT genotype (IKBKG:c.

*402C>T variants) and TT genotype in the daughter or T allele in the son correlates with

the level of NEMO gene expression and increases the risk of preeclampsia development.

Our observations may offer a new insight into the genetic etiology and pathogenesis of

preeclampsia.

Introduction

Preeclampsia is a phenomenon which appears in 5–8% of pregnancies and represents a serious

problem concerning both maternal and infant mortality and morbidity [1,2]. Although the

precise etiology of preeclampsia is unknown, it has been suggested that while both genetic and
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environmental factors influence its development, genetic factors have a greater influence,

accounting for over half of preeclampsia liability cases [3–5]. Clinical observations indicate

that women born from preeclampsia have a higher risk of the disease during their own preg-

nancies than those without any such family history [6,7]. The effect of inheritance is much

stronger along the maternal than the paternal line: 2.2 vs 1.5 respectively [8]. As the expression

of preeclampsia may differ between two pregnancies borne by the same woman, fetal (pater-

nal) genes have also been proposed to play a role; the contribution of fetal genes to preeclamp-

sia development has been estimated to be 20% [3,4]. Inadequate maternal immunological

response to the allogenic fetus and abnormal trophoblast invasion into the spiral arterioles is

considered the main reasons for maternal hypertension and proteinuria development [9,10].

While a balance exists between Th1 and Th2 responses in healthy, non-pregnant women, a

shift towards Th2 is observed during pregnancy. Some studies note that in preeclampsia, the

shift towards Th2 probably does not occur or is reversed at very early stages of the disease

[9,11]. Preeclamptic pregnancies have been characterized as a maternal pro-inflammatory

state with predominant Th1 and Th17 lymphocytes [12]. Additional sources of pro-inflamma-

tory cytokines (IL-1, TNF-α, IL-6, IL-8) in preeclampsia are monocytes and macrophages

[1,11]. Moreover, the blood of preeclamptic women is known to contain elevated levels of such

other factors as soluble receptor of IL-6 (sIL-6R), soluble fsm-like tyrosine kinase-1 (sFlt-1),

soluble form of Fas ligand (sFasL) and NFB [1,13,14].

NFB is a transcription regulator of over 200 different genes, of which a number encode the

proteins elevated in the blood of preeclamptic women [15]. These products e.g. IL-6, TNF-α or

Il-1 are not only dependent on NFB but have also been implicated in the process of NFB acti-

vation on the classical pathway [16]. The core element of NFB activation on the canonical

pathway is the IKK kinase complex (IKKα and IKKβ) and IKKγ, a regulatory subunit known

as NEMO or IKBKG.

NEMO functions as a scaffolding protein and links upstream signaling pathways to activa-

tion of the IKK complex [17]. Outside of the canonical pathway exists other pathways (non-

canonical and atypical) described in the literature. These are responsible for activation of the

NFkB factor. However, the canonical pathway is the most common in all tissues and it is

related to the response of the cell to TNFα and IL-6, whose elevated levels are observed in the

blood of preeclamptic women [18,19].

Although NEMO does not have catalytic properties, NEMO-defective cell lines do not acti-

vate NFB in response to many stimuli, suggesting that the protein plays a key role in the activa-

tion of NFB pathway [20]. In a study on mouse keratinocytes, Nenci et al [21] found that a lack

of NEMO leads not only to the spontaneous death of the cells, but also triggers the pro-inflam-

matory expression of mediators in adjacent wild-type cells. The results of this study are in con-

sistency with observations of human skin biopsies of patients with NEMO gene defect and

suffering from incontigentia pigmenti [22]. Moreover, examinations conducted on cardio-

myocytes found that an absence of active NEMO protein results in the inactivation of antioxi-

dant processes, followed by spontaneous pathological tissue remodeling, cell death, fibrosis

and contractile dysfunction caused by the subsequent accumulation of free oxygen radicals

[15]. Very similar pathomorphological observations have been noted in several studies con-

ducted on placentas derived from preeclamptic pregnancies [23,24]. Moreover, the level of

NEMO gene expression in placentas from pregnancies complicated by preeclampsia is signifi-

cantly lower than observed in non-complicated pregnancies. NEMO level may hence be one of

the reasons for the abundance of preeclamptic placental apoptosis [25].

In contrast to placentas derived from pregnancies complicated by hypertension and pro-

teinuria, a higher level of NEMO gene expression has been observed in the blood of preeclamp-

tic women (according to 1A, 1B, 1C transcripts and all transcripts together—Total NEMO)
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and their children (according to 1A transcript) [25]. Differences in the expression of the IKKγ
gene in the tissues of preeclamptic and healthy women and their children may be related to the

existence of some variation in the NEMO coding gene. The observations related to the mater-

nal lineage of inheritance, the differential expression of the disorder in two pregnancies by the

same woman described above, and the contribution of fetal (paternal) genes to the develop-

ment of preeclampsia suggest that this variation may exist both in the maternal and fetal

NEMO genes.

The purpose of our study was to determine any difference between the sequences of NEMO
genes derived from preeclamptic women and those from healthy women and their children.

We hypothesize that the simultaneous existence of the same variant in the maternal and fetal

NEMO gene may be associated with a higher risk of preeclampsia development We also would

like to check whether the identified variant is associated with the level of NEMO gene expres-

sion (Total NEMO and 1A, 1B, 1C transcripts) in placentas and in fetal and maternal blood.

Methods

Patient selection and data collection

In total, 151 women and their children were enrolled to the study (N = 72) and control groups

(N = 79). The study group included pregnant women with symptoms of preeclampsia: mater-

nal blood pressure higher than 140/90 mm Hg (measured twice with an interval of at least six

hours) with accompanied proteinuria (> 300 mg per 24 hours or at least 2+ during a single

urine test) which developed after the 20th week of gestation. The study group included both

patients with early (<34 weeks of pregnancy; N = 27) and late (�34 weeks of pregnancy;

N = 45) preeclampsia.

The remaining qualification criteria for examination were the same for control and study

groups: single pregnancy, no hypertension and diabetes mellitus before pregnancy, no gesta-

tional diabetes mellitus, no chromosomal aberration in the fetus, maternal body mass index

(BMI) before pregnancy�30kg/m2, and no other chronic maternal disorders. Both groups

included only women whose baby was delivered by caesarian section. In the preeclamptic

group, all women delivered the baby by caesarian section due to clinical indications. As the

level of the active form of NFkB is elevated in placentas during the term of labour and NEMO

is an essential regulator of NFkB, we decided to collect the control samples also from women

who had delivered their baby by caesarian section. Indications for caesarean delivery in control

group were as follows: transverse or breech position of fetus, ophthalmological indications,

orthopedic indications, or increased risk of uterine rupture because of previously performed

cesarean delivery.

Informed consent was signed by each mother before delivery, and the study protocol was

approved by the Medical University of Lodz Ethical Committee.

The whole venous blood was taken from all participants 1–2 hours before the beginning of

delivery, whereas the umbilical blood and a fragment of placenta were obtained immediately

after birth. The procedure concerning the protection and storage of placenta fragments is

described elsewhere [25].

Isolation of nucleic acids

DNA was isolated from maternal blood and fetal umbilical blood using a commercial kit (Che-

magen, Germany). DNA quality and purity were determined spectrophotometrically (Nano-

Drop; Thermo Fisher Scientific, Grand Island, NY). The obtained DNA was stored at -20˚C

for further analysis. RNA isolation and transcription into cDNA was described elsewhere [25].
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NEMO gene sequencing

NEMO gene consist of 10 exons. Exon numbers 1A, 1B, 1C and 2 were sequenced directly

from DNA, while a region consisting of 10,065 nucleotides was amplified to sequence exons

three to ten. This Long Fragment was sequenced using 500ng of DNA and a pair of primers:

For_5'-AGAGACGCCACTAACTTGCC-3' and Rev_5'-CAGAGAACTGCATGGCCTAG-
3'. This procedure was necessary due to the avoidance of a NEMO pseudogene with the same

sequence as the NEMO gene from the 3rd to 10th exon. Both genes (NEMO and its pseudogene)

lie head to head on the X chromosome [22,26].

The sequencing procedure was conducted only in the group of preeclamptic women. The

results of the sequencing were compared with reference sequences listed in available databases:

ENSEMBL GRCh38.p5 (http://www.ensembl.org/index.html) and Human Genome Browser

GRCh38/hg38 (http://www.genome.usc.edu). The pairs of primers used in sequencing pro-

cesses are given in Table 1.

After the first PCR reaction, the products were purified using QIAquick PCR Purification

Kit (QIAGEN). Sequencing was conducted in both directions, using a BigDye Terminator Kit

v3.1 (Applied Bio Systems, USA).

PCR-RFLP assay

PCR-RFLP was used to confirm the presence of two variants in NEMO gene among pre-

eclamptic women identified by sequencing. The same method was applied to examine whether

these variants were absent in the children of the preeclamptic women, and in the mothers and

children in the control group. As the variants identified in the sequencing processes were

located in exon 10, it was necessary to amplify the Long Fragment (10,065 nucleotides) of

DNA both of children born from preeclampsia and the members of the control group. The fol-

lowing primers were used to search for single nucleotide variants: For_1_5'-CTTCCCCTG
GCAGAaCTG-3' and Rev_1_5'-CATGCTCAGTGGTGTCACTTC-3' for detection of the

first variant; For_2_5'-CGGACACCGACtCGCCaG-3' and Rev_2_5'-CCATCTACGCC
ATCGCCCATG-3'of the second one. After amplification, fragments were cut using

Table 1. Primers used in sequencing processes.

Exon Primer Forward 5’!3’ Primer Reverse 5’!3’ Length of frag.

1A GGGGAGTGCCAACATCATCA TACCTCACACTTGCCCACAC 475bp

1B CACGCCTCCTCTGGGCTG GGAGCAGGAACGGGCTGG 631bp

1C CCAAAGACAGGGTTCCATCC AGTGACCTCCGTGCTATTCC 455bp

2 TGTAGCCCCAGAACTCATAGGC GAAACCAAGAGGGAGGGCAG 399bp

3a GCAGAAAGTGAGGGGCATTAGTG GAGTGTGACGGCTTTTCTGAGTTC 593bp

4a CTAGGGCACCCAGGTTTGG TCTGCCCCGACGTGTTTAC 406bp

5a CATCAGCTCGCAGTCACAG CCGACACTTCTCAGCCTTTC 351bp

6a AAGGGGGTAGAGTTGGAAGC AGGCAAGTCTAAGGCAGGTC 276bp

7a TCAGCATCTCCTCTGTCGTT GGGCAACAAGAGCAAAAC 344bp

8a GCATTACTCGCCGACGTATC ATCCGTCTCCTGTGGTCAC 413bp

9a GTGACCACAGGAGACGGAT CAGAGAGCAACAGGAAGGTC 316bp

10a,b GCGGCTCCTGGTCTTACA GTGGTTCGAGCAGACAGAAG 517bp

CACCTTACGCTTCAGCTGTTG CAGAGAACTGCATGGCCTAG 634bp

a the template for application of these fragments was 200x diluted the Long Fragment of NEMO gene achieved after PCR reaction (procedure was

necessary to omit the pseudogene of NEMO gene).
b exon 10 was divided into two fragments

https://doi.org/10.1371/journal.pone.0180065.t001
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restriction enzymes. The fragment for the first variants (292bp) was cut by the HaeIII restric-

tion enzyme and the fragment for the second variant (270bp) by AluI.

Gene expression analyses

The processes of gene expression analysis for Total NEMO, and the 1A, 1B and 1C transcripts

of the IKBKG gene were conducted according the protocols described elsewhere [25].

In-silico analyses

Secondary mRNA structure predictions were carried out by the RNAfold Online tool http://

rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi. [27,28]. Two different software packages: RegRNA

(http://regrna2.mbc.nctu.edu.tw/detection.html) [29] and miRNA_targets (http://mamsap.it.

deakin.edu.au/~amitkuma/mirna_targetsnew/sequence.html)[30] were used to study potential

microRNA (miRNA) recognition sites in the 3’UTR region. These analyses were conducted to

check whether variations in the 3’UTR region may be involved in the posttranscriptional regu-

lation of NEMO mRNA level by modification of the minimum free energy of folding (MFE) of

mRNA and/or ligation sites for some miRNAs.

Statistical analysis

Data analysis was performed using Statistica v12 (StatSoft, Tulsa, OK). The normal distributed

clinical and personal characteristics data were compared between groups using Student t test.

The Hardy—Weinberg equilibrium was tested in maternal control and fetal-girl control groups.

Nominal variable comparisons were performed using Chi2 or Yates’ corrected Chi2 tests. Odds

ratios (OR) with 95% Confidence Intervals (95%CI) were calculated where possible. Multivari-

ate analysis was performed with backward stepwise logistic regression on variables found to be

significant (p<0.05) in univariate analyses. Nonparametric data we analyzed using the Mann-

Whitney U test or the Kruskal-Wallis and Dunn’s post-hoc tests. The Haploview software was

used to assess the linkage disequilibrium for variations selected on NEMO gene [31].

Results

Baseline of the study and control populations

A total 151 women and their children were qualified to this study. Collection of this number of

cases was possible due to extension of our previous control and study groups which are pre-

sented elsewhere [25]. All members of the study group were Caucasian and resident in Poland.

No discrepancy in ethnicity which may influence various distribution of genetic markers was

found between the study and control groups. The comparisons of the baseline laboratory param-

eters and characteristic of patients of the study and control groups are summarized in Table 2.

Influence of IKBKG gene variations on the risk of preeclampsia

development

The sequencing results reveal that two single nucleotide variants exist in the NEMO gene of

preeclamptic women. Both are localized in the 3’UTR region in the positions IKBKG:

c.�368C>A and IKBKG:c.�402C>T. These two variants are in moderate linkage disequilib-

rium (LD; r2 = 0.54; D’ = 0.89)

The IKBKG:c.�402C>T variant is described in the SNP database as number rs782437119

(http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=782437119).

The occurrences of these identified variants were examined in the preeclamptic children

group and in the mothers and children control groups. The frequency of the analyzed
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genotypes for both variants in the maternal controls and in female child controls was consis-

tent with the Hardy-Weinberg equilibrium.

The univariate analyses of IKBKG:c.�368C>A and IKBKG:c.�402C>T variants revealed no

statistical difference in the distribution of genotypes between the members of the study group

and those of the control group. Similarly, no significant difference was found in the distribu-

tion of the A allele of IKBKG:c.�368C>A variant and the T allele of IKBKG:c.�402C>T variant

between the children (male and female) in the study and control groups (Table 3).

Because we hypothesized that predisposition to preeclampsia development may be related

to simultaneous occurrence of the same variant in maternal and fetal NEMO gene, further

analysis was performed to check whether there is a statistical difference between the study and

control subgroups consisting of maternal and fetal cases in whose genomes we observed only

an AA genotype (mothers and daughters)/A allele (sons) for the IKBKG:c.�368C>A variant or

only a TT genotype (mothers and daughters)/T allele (sons) for the IKBKG:c.�402C>T vari-

ant. It was found that the co-occurrence of a maternal TT genotype and a TT genotype in the

daughter or T allele in the son was significantly more frequent in the preeclamptic group com-

pared to controls (see Table 4).

The clinical and genetic parameters such as BMI, number of maternal platelets, sex of chil-

dren and simultaneous occurrence in mother of TT genotype and TT genotype in daughter or

T allele in son were included to multivariate logistic regression analysis. It was found that the

maternal BMI was associated with a greater risk of preeclampsia (OR = 1.18, 95%Cl 1.06–1.32;

p<0.01). Moreover, this analysis revealed that simultaneous occurrence of TT genotype in

Table 2. Comparison of clinical data within the study population.

Clinical data Preeclamptic group Controls P value

(n = 72) (n = 79)

Age of women (years)a 30.4±6.0 32.0±4.1 0.052

BMI (kg/m2)a 26±3.2 25±3.6 <0.01

WBC (103/μl)a 10.6±2.4 10.8±2.2 0.585

RBC (106/μl)a 4.1±0.5 4.1±0.4 0.405

HB (g/dl)a 12.2±1.5 12.4±1.1 0.287

HCT (%)a 35.5±3.6 36.2±2.6 0.211

MCV (fl)a 86.2±4.1 87.2±5.3 0.202

MCHC (g/dl)a 34.4±2.7 33.9±1.6 0.126

PLT (103/μl)a 198.1±61.7 224.3±50.6 <0.05

Baby weight (g)a 2510±931 3399±459 <0.001

Baby height (cm)a 49.0±6.2 54.1±2.9 <0.001

Apgar score—1 minutea 8,6±1.5 9,3±0.9 <0.001

Miscarriage n (%)b 13 (19%) 12 (15%) 0.609

Baby sex (son) n (%)b 46 (64%) 36 (46%) <0.05

Week of deliverya 31.7±2.0 for early PE (n = 27)

37.6±2.1 for late PE (n = 45)

38.5±1.0 <0.0001

<0.01

Primiparas n (%)b 55 (76%) 29 (37%) <0.0001

a The values are presented as mean±standard deviation. For data analysis t-Student test was used;
b For data analysis Chi square test was used

Legend: BMI, body mass index; WBC, white blood cells; RBC, red blood cells; HB, haemoglobin concentration; HCT, haematocrit; MCV, mean corpuscular

volume; MCHC, mean corpuscular haemoglobin concentration; PLT, platelets; kg/m2, kilograms/meter square; μl, microlitre; g/dl, grams/decilitre; %,

percent; fl, fentolitre; g, grams; cm, centimetre; n, number of cases

https://doi.org/10.1371/journal.pone.0180065.t002
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mother and TT genotype in female child or T allele in male child was related to a higher likeli-

hood of preeclampsia development (OR = 2.59, 95%Cl 1.20–5.57; p<0.05).

NEMO gene expression level and preeclampsia development

In the present study, we confirm our previous findings that the level of Total NEMO, 1A, 1B,

1C transcripts are significantly elevated in maternal blood (p<0.001) [25]. We also confirm

Table 3. Comparison of genotype frequency between mothers of the study and control groups, between daughters of the study and control

groups, and a comparison of recessive allele frequency between children of the study and control groups.

Maternal genotype Study group N = 72 Control group N = 79 pa p HWEb

Number of cases (%) Number of cases (%)

IKBKG:c.*368C>A

CC 2 (3%) 4 (5%) 0.763 0.179

CA 12 (17%) 19 (24%) 0.259

AA 58 (80%) 56 (71%) 0.166

IKBKG:c.*402C>T (rs782437119)

CC 2 (3%) 6 (8%) 0.339 0.119

CT 15 (21%) 22 (28%) 0.315

TT 55 (76%) 51 (65%) 0.111

Baby (girls) genotype Study group N = 26 Control group N = 43 pa p HWEb

Number of cases (%) Number of cases (%)

IKBKG:c.*368C>A

CC 0 (0%) 1 (2%) 0.798 0.534

CA 2 (8%) 8 (19%) 0.371

AA 24 (93%) 34 (79%) 0.264

IKBKG:c.*402C>T (rs782437119)

CC 2 (8%) 1 (2%) 0.653 0.623

CT 4 (15%) 14 (33%) 0.196

TT 20 (77%) 28 (65%) 0.445

Recessive baby alleles Study children group Control children group pa

IKBKG:c.*368C>A

A 92 (94%) 110 (90%) 0.318

IKBKG:c.*402C>T (rs782437119)

T 86 (88%) 100 (82%) 0.238

a For data analyses the Chi2 or Yates’ corrected Chi2 tests were used.
b pHWE—the frequency of analyzed genotypes in control group (mother and daughter) assessed using Hardy-Weinberg equilibrium; p>0.05 the results are

consistent with Hardy-Weinberg equilibrium;

https://doi.org/10.1371/journal.pone.0180065.t003

Table 4. Comparison of the simultaneous occurrence of an AA genotype in the mother and her child

(AA in her daughter or A allele in her son) (IKBKG:c.*368C>A), and the simultaneous occurrence of a

TT genotype in the mother and her child (TT in her daughter, or T allele in her son) (IKBKG:c.

*402C>T).

Maternal-fetal variant Study group N = 72 Control group N = 79 pa

Number of cases (%) Number of cases (%)

IKBKG:c.*368C>A

Maternal AA and child AA (girls) or A (boys) 57 (79%) 55 (70%) 0.179

IKBKG:c.*402C>T (rs782437119)

Maternal TT and child TT (girls) or T (boys) 53 (74%) 45 (57%) <0.05

a For data analyses the Chi2 was used

https://doi.org/10.1371/journal.pone.0180065.t004
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that the level of Total NEMO, 1A, 1B and 1C transcripts are significantly lower in preeclamptic

placentas (p<0.01). Our novel finding is that the level of NEMO gene expression is related to

umbilical cord blood. The Mann-Whitney U test used in this study, based on almost twice the

number of cases than the previous study, found that the 1A, 1B and 1C transcripts are signifi-

cantly elevated in the preeclamptic umbilical blood (S2 Table, Supporting information).

After the division of preeclamptic women into groups according to the labour term, i.e.

before and after the 34th week of pregnancy (late N = 45; early N = 27), that the levels of

Total NEMO, 1A, 1B and 1C transcripts in maternal blood are significantly higher in the

both preeclamptic subgroups in comparison to controls (p<0.01), as noted in our previous

study. The relationship between NEMO gene expression and early, late and control groups

was found to be similar to that seen in our previous study. Significantly lower NEMO gene

expression in placental cells was found only between the late preeclamptic group and con-

trols (p<0.01 for Total NEMO, 1A, 1B and 1C transcripts); no significant difference was

found between early preeclampsia and control with regard to placental NEMO gene expres-

sion. A significant finding was that the gene expression of 1A and 1C transcripts in the

umbilical cord blood was found to be significantly higher than controls both in late and early

preeclampsia (late vs control: 1A transcripts -fold change 1.8 p<0.05; 1C transcripts—fold

change 2.4 p<0.05; early vs control: 1A transcripts—fold change 3.7 p<0.001; 1C transcripts

—fold change 2.4 p<0.05).

Effect of IKBKG:c.*402C>T variation on NEMO gene expression

It was also found that the simultaneous occurrence of the TT maternal genotype (IKBKG:

c.�402C>T) and the TT genotype in the daughter or the T allele in the son influence on the

level of NEMO gene expression both in blood of mother and her fetus (Table 5).

Table 5. Comparison of NEMO gene expression level (Total NEMO and 1A, 1B, 1C transcripts) and simultaneous occurrence of TT genotype in the

mother and her child (TT genotype in her daughter or T allele in her son).

Transcripts Mother TT and daughter TT or son T in preeclamptic and

control groups

pa Fold change

OBSERVED NOT OBSERVED

MOTHERS

Total NEMO 2.049 1.058 0.111 1.9

1A 0.536 0.263 <0.05 2.0

1B 0.428 0.204 0.170 2.1

1C 0.362 0.098 0.174 3.7

CHILDREN

Total NEMO 4.702 3.079 <0.05 1.5

1A 1.062 0.677 <0.05 1.6

1B 1.019 0.573 0.108 1.8

1C 1.782 0.515 <0.01 3.5

PLACENTAS

Total NEMO 1.759 1.699 0.429 1.0

1A 0.537 0.576 0.279 0.9

1B 0.376 0.372 0.954 1.0

1C 0.500 0.598 0.843 0.84

The values are presented as median of relative gene expression levels calculated by Pfaffl method.
a P value was calculated using Mann-Withney U-test.

https://doi.org/10.1371/journal.pone.0180065.t005
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Effect of IKBKG:c.*402C>T variation on stability of NEMO mRNA

The in silico analysis using RNAfold revealed that the existence of the T variant in position 402

of the 3’UTR region alters the minimum free energy (MFE) of 1B and 1C mRNA transcripts

from -973.70 kcal/mol to -975.30kcal/mol for 1B transcript and from -875.20kcal/mol to

-877.20kcal/mol for 1C transcript. The MFE for the 1A transcript is negligible after 3’UTR

modification in position 402 by the existence of the C or T variant (-857.90kcal/mol to

-857.20kcal/mol). Moreover, the RNAfold results strongly suggest that the C/T substitution

has a marked effect on the secondary structure of all studied NEMO gene transcripts (Fig 1).

Additional in silico analyses conducted by RegRNA and miRNA_target software pointed

out that the existence of the variant T in position 402 of the 3’UTR region may modify the

Fig 1. The influence of IKBKG:c.*402C/T variation on the secondary structure of 1A, 1B and 1C

transcripts. Analysis was conducted using RNAfold software. (A) transcript 1A with 402T variant; (B)

transcript 1A with 402C variant; (C) transcript 1B with 402T variant; (D) transcript 1B 402C variant; (E)

transcript 1C with 402T variant; (F) transcript 1C with 402C variant. MFE—Minimum Free Energy.

https://doi.org/10.1371/journal.pone.0180065.g001
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binding site for miRNA. The results suggest that when cytosine is in position 402 of the

3’UTR, it creates potential binding sites for miR-3960 and miR-5090, whereas when thymidine

is in this position, it creates potential sites for miR-503, miR-885-3p, miR-1266 and miR-4519.

Discussion

This is the first study to identify a relationship between the simultaneous occurrence of

identical variant of the NEMO gene in the maternal and fetal genomes, and a higher likeli-

hood of preeclampsia development. NEMO is an essential regulator of NFB activation

[15]. This transcription factor is indirectly implicated in the regulation of many processes

related to immunological responses, and cell differentiation or apoptosis. Upon NFB activa-

tion, it is translocated into the nucleus, where it regulates the expression of genes which

code cytokines, interleukins, growth factors and adhesion molecules [19,32]. Most of these

factors are perceived as markers of preeclampsia [33]. A study conducted by Luppi et al

[34] reveals that the level of NFB is significantly higher in the blood of preeclamptic women

than in non-complicated gestations. This may be the main reason for the observed elevated

levels of IL-1, IL-6 and TNFα, whose genes are directly under the control of NFB activated

through the classical NEMO-dependent pathway [34]. The elevated level of NFB in the

blood of preeclamptic women observed by other researchers correlates positively with the

results of our recent studies, in which a higher level of NEMO gene expression was observed

in the blood of women whose gestation was complicated by hypertension and proteinuria

[25].

Until now, studies into the correlation between the presence of various genetic markers and

the development of preeclampsia were conducted generally among populations of pregnant

women. In this study, we propose a different perspective on the genetic predisposition of pre-

eclampsia. A significant body of evidence from literature studies has highlighted the following

five key points: (1) preeclampsia is inherited through maternal lineage, (2) expression of the

described disorder may differ between two pregnancies undergone by the same woman, (3)

fetal (paternal) genes are implicated in preeclampsia development, (4) a male fetus is much

more common in preeclampsia and (5) the level of NEMO gene expression is higher in blood

of preeclamptic women and their children [3,4,6–8,25]. Hence, we propose that the presence

of the same variant of the NEMO gene in the maternal and fetal genomes (chromosome Xq28)

may increase the likelihood of preeclampsia development.

During NEMO gene sequencing of material from preeclamptic mothers, two single nucleo-

tide variants were identified: IKBKG:c.�368C>A and IKBKG:c.�402C>T, both localized in the

3’UTR region. The frequency of occurrence of these variants was assessed in the DNA of

fetuses qualified for the control and study groups, and in DNA derived from preeclamptic

mothers and women who had experienced non-complicated pregnancy. Our analyses reveal

that the simultaneous occurrence of a maternal TT genotype and a TT genotype in the daugh-

ter, or a T allele in the son, increased the risk of preeclampsia development (OR 2.59, 95%Cl

1.20–5.57; p<0.05).

Of course we acknowledge that preeclampsia is a multifactorial disorder and that no single

genetic marker causes preeclampsia development, but the marker may modulate the predispo-

sition to preeclampsia. It is highly probable that other genetic and environmental factors exist,

whose combination is implicated in preeclampsia development [3,4,35,36]. We suppose that

the maternal/fetal carriage of IKBKG:c.�402T variant may be responsible for activating one of

the numerous pathways of preeclampsia development. For this reason, the maternal TT/fetal

TT or T genotype is also observed (although significantly decreased) in non-complicated

pregnancies.
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Little is known of the possible mechanism of action of the rs782437119 variation. As was

mentioned above, this variation is localised in the 3’UTR region of the NEMO gene. The

sequence of elements within mRNA determines its half-life. Some sequences promote rapid

mRNA decay while others promote mRNA stabilization [37]. To find the hypothetical mecha-

nism of influence of the IKBKG:c.�402C>T variant on the half-life of mRNA, bioinformatic

analyses were conducted. The first analysis was carried out using RNAfold software to deter-

mine whether some differences exist between the minimum free energy (MFE) of the second-

ary structure of IKBKG:c.�402C and IKBKG:c.�402T mRNA variants which may influence the

stability of this particle. This analysis reveals that when the transition from C to T in the 402nd

position of the 3’UTR region is observed, the minimum free energy of 1B and 1C transcripts is

decreased: the fold change for 1B is -1.6, whereas for 1C is -2.0. Although the magnitudes of

change of MFE for 1B and 1C transcripts are small, it is possible that the observed transition

may in some way influence the length of the half-life of these transcripts, especially for tran-

script 1C. Some in silico and in vitro studies present that the difference (fold change about 2.0)

in the MFE for two transcripts of the same gene plays a significant role in the observed differ-

ence in their stability [38,39]. Moreover, bioinformatics analyses conducted in this study show

that the absence of the T nucleotide in position 402 influence the secondary structure of

mRNA for all transcripts. The change in the secondary structure of mRNA may cause that this

structure is unlikely to provide the required specificity for many RNA binding proteins (RBPs)

which are responsible for post-transcriptional regulation of mRNA stability, translation, cell

localisation and splicing [40].

To find the relationships between NEMO gene expression in placentas, maternal and fetal

blood and the simultaneous carriage of IKBKG:c.�402 TT genotype by the mother, and the TT

genotype or T allele by her child, the study and control groups were merged together and then

separated into two subgroups according to their set of genotypes. The first (mutated) subgroup

included preeclamptic and control cases (mother TT/daughter TT or mother TT/son T)

whereas the second (non-mutated) group included cases whose genotypes included at least

one C allele (IKBKG:c.�402C/T).

The statistical analyses conducted among these subgroups reveal that all transcripts, espe-

cially 1C, are more plentiful in maternal blood and umbilical cord blood in the mutated group:

mother TT/daughter TT or mother TT/son T. However, only the 1A transcript in maternal

blood and the Total NEMO, 1A and 1C transcripts in umbilical cord blood were found to be

significantly different between the mutated and non-mutated groups. The same analyses

revealed that no discrepancy in placental level of NEMO gene expression was observed

between the two mutated and non-mutated subgroups.

With regard to the set of maternal/fetal genotypes, the discrepancy observed for blood and

placental NEMO gene expression may be related to the different etiologies behind the activa-

tion of the preeclamptic pathway in placentas and in blood cells. However, to elucidate this

phenomenon further research is required to gain a more concrete idea of the complex relation-

ships associated with the 3’UTR NEMO gene variation and its influence on blood and placental

tissue.

Because the stability of mRNA not only depends on the free energy of its secondary struc-

ture but also from other factors such as its affinity to degradation by miRNA, further analyses

using RegRNA2 and miRNA_target were conducted. These analyses revealed that the target

site for several different miRNA appeared when a thymine (T) is present in the position 402 of

3’UTR of the NEMO gene. Strong interaction was found between miR-503,-885-3p,-1266 and

4519, and the mRNA of the NEMO gene for allele T. To confirm the results of these bioinfor-

matic analyses, additional functional studies are warranted in the future.
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To the best of our knowledge, no previous study has examined the level of miR-885-3p,

miR-1266 and miR-4519 in non-complicated or pathophysiological gestations. Only miR-503

was studied in serum and placentas of expected mothers with and without preeclampsia. The

microarray study conducted by Akehurst et al [41] reveals that miR-503 increases in plasma of

pregnant women. Moreover, microarray analysis shows differential miRNA-503 level in

plasma between women who develop late preeclampsia and normotensive controls. The level

of miR-503 was decreased (although not significantly) in plasma of preeclamptic women at

28th week of gestation [41].

Mouillet et al [42] study shows that hypoxia in primary human trophoblast cells lead to

abrogation of miR-503 level. This observation suggests that also in preeclamptic placentas in

which hypoxia dominates the level of miR-503 should be also depleted. An additional informa-

tion about miR-503 and preeclampsia is given by the microarray analyses presented in GEO

Profiles database (http://www.ncbi.nlm.nih.gov/geoprofiles/?term=miR503+preecalmspia).

The GDS2080 examination conducted among 14 samples (4 controls, 5 early and 5 late pre-

eclampsia) shows that both in early and late preeclamptic placentas, the level of miR-503 was

negligible decreased compared to controls. Moreover, the GDS2548 and GDS3457 studies

pointed out very similar placental level of miR-503 (during the first and the third trimesters)

in preeclamptic and non-complicated gestations. Lack of significant discrepancy in miR-503

level both between preclamptic and normotensive and between preeclamptic and IUGR pla-

centas was also presented by Guo et al.[43].

We acknowledge that our study has some limitations: first we focus only on the maternal

exome of the NEMO gene. The expansion of the sequencing process to the IKBKG maternal

introns and to the entire IKBKG fetal gene may deliver further interesting information. This

new knowledge may be helpful in determining why the level of NEMO gene expression is sig-

nificantly decreased in preeclamptic placentas in comparison to non-complicated pregnancies.

Secondly, the study is based on in silico studies rather than laboratory studies, which may

explain how the IKBKG:c�402C/T variant influences the regulation of NEMO gene expression

in maternal and fetal blood and whether the appearance of a maternal TT/fetal TT or T geno-

type may in some way be responsible for regulation of NEMO gene expression in placental

cells. It is obvious that the same variation may give various effects dependent on the type of tis-

sue [44]. Thirdly, our study was not extended to identify other mechanisms which may influ-

ence the regulation of NEMO gene expression e.g. profile of methylation of the CpG island

present in the promoter region of the NEMO gene [45].

In summary, this is the first study to report an association between single nucleotide variant

in NEMO gene (IKBKG:c.�402C>T) and the elevated risk of preeclampsia development. The

simultaneous occurrence of a TT genotype in the mother and daughter, or a T allele in her

son, was associated with a 2.59-fold increase in the risk of hypertension and proteinuria

appearance during gestation. Moreover, we have shown that maternal and fetal genotype cor-

related with the level of NEMO gene expression in their blood. Future examinations should be

conducted to determine how the IKBKG:c.�402C>T variant influences the development of

preeclampsia. Our observations may offer a new insight into the genetic etiology and patho-

genesis of preeclampsia.

Supporting information

S1 File. Photography of distribution bands on polyacrylamide gel for IKBKG:c.�368C>A

and IKBKG:c.�402C>T variants.

(PDF)

Double hit of NEMO in preeclampsia

PLOS ONE | https://doi.org/10.1371/journal.pone.0180065 June 27, 2017 12 / 15

http://www.ncbi.nlm.nih.gov/geoprofiles/?term=miR503+preecalmspia
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180065.s001
https://doi.org/10.1371/journal.pone.0180065


S1 Table. Maternal and fetal genotypes.

(XLSX)

S2 Table. Comparison of NEMO gene expression in umbilical cord blood of preeclamptic

and control children.

(DOCX)

Acknowledgments

This work was supported by Grant no. DEC-2013/11/D/NZ5/01783 funded by The National

Science Center (NCN), Poland. We also thank all mothers who agreed to participate in this

study.

Author Contributions

Conceptualization: AS.

Formal analysis: BS AS.

Funding acquisition: AS.

Investigation: AS.

Methodology: AS.

Project administration: AS.

Resources: MRK HH AG MG LB.

Supervision: AS.

Validation: AS MB.

Visualization: AS.

Writing – original draft: AS.

Writing – review & editing: TP AG.

References

1. Rahardjo B, Widjajanto E, Sujuti H, Keman K. Different levels of IL-1alpha, IL-6, TNF-alpha, NF-kappaB

and PPAR-gamma in monocyte cultures exposed by plasma preeclampsia and normotensive preg-

nancy. Pregnancy Hypertens 2014: 4:187–193. https://doi.org/10.1016/j.preghy.2014.03.001 PMID:

26104604

2. Hutcheon JA, Lisonkova S, Joseph KS. Epidemiology of pre-eclampsia and the other hypertensive dis-

orders of pregnancy. Best Pract Res Clin Obstet Gynaecol 2011; 25: 391–403. https://doi.org/10.1016/

j.bpobgyn.2011.01.006 PMID: 21333604

3. Chappell S, Morgan L. Searching for genetic clues to the causes of pre-eclampsia. Clin Sci (Lond)

2006; 110: 443–458. https://doi.org/10.1042/CS20050323 PMID: 16526948

4. Staines-Urias E, Paez MC, Doyle P, Dudbridge F, Serrano NC, Ioannidis JP, et al Genetic association

studies in pre-eclampsia: systematic meta-analyses and field synopsis. Int J Epidemiol 2012; 41:1764–

1775. https://doi.org/10.1093/ije/dys162 PMID: 23132613

5. Cnattingius S, Reilly M, Pawitan Y, Lichtenstein P Maternal and fetal genetic factors account for most of

familial aggregation of preeclampsia: a population-based Swedish cohort study. Am J Med Genet A

2004; 130A: 365–371. https://doi.org/10.1002/ajmg.a.30257 PMID: 15384082

6. Karumanchi SA, Maynard SE, Stillman IE, Epstein FH, Sukhatme VP Preeclampsia: a renal perspec-

tive. Kidney Int 2005; 67:2101–2113. https://doi.org/10.1111/j.1523-1755.2005.00316.x PMID:

15882253

Double hit of NEMO in preeclampsia

PLOS ONE | https://doi.org/10.1371/journal.pone.0180065 June 27, 2017 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180065.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180065.s003
https://doi.org/10.1016/j.preghy.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26104604
https://doi.org/10.1016/j.bpobgyn.2011.01.006
https://doi.org/10.1016/j.bpobgyn.2011.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21333604
https://doi.org/10.1042/CS20050323
http://www.ncbi.nlm.nih.gov/pubmed/16526948
https://doi.org/10.1093/ije/dys162
http://www.ncbi.nlm.nih.gov/pubmed/23132613
https://doi.org/10.1002/ajmg.a.30257
http://www.ncbi.nlm.nih.gov/pubmed/15384082
https://doi.org/10.1111/j.1523-1755.2005.00316.x
http://www.ncbi.nlm.nih.gov/pubmed/15882253
https://doi.org/10.1371/journal.pone.0180065


7. Laivuori H Genetic aspects of preeclampsia. Front Biosci 2007; 12: 2372–2382. PMID: 17127247

8. Skjaerven R, Vatten LJ, Wilcox AJ, Ronning T, Irgens LM, Lie RT Recurrence of pre-eclampsia across

generations: exploring fetal and maternal genetic components in a population based cohort. BMJ 2005;

331:877. https://doi.org/10.1136/bmj.38555.462685.8F PMID: 16169871

9. Laresgoiti-Servitje E, Gomez-Lopez N, Olson DM An immunological insight into the origins of pre-

eclampsia. Hum Reprod Update 2010; 16:510–524. https://doi.org/10.1093/humupd/dmq007 PMID:

20388637

10. Martinez-Varea A, Pellicer B, Perales-Marin A, Pellicer A (2014) Relationship between maternal immu-

nological response during pregnancy and onset of preeclampsia. J Immunol Res 2014: 210241. https://

doi.org/10.1155/2014/210241 PMID: 24987708

11. Perez-Sepulveda A, Torres MJ, Khoury M, Illanes SE Innate immune system and preeclampsia. Front

Immunol 2014; 5:244. https://doi.org/10.3389/fimmu.2014.00244 PMID: 24904591

12. Wang J, Tao YM, Cheng XY, Zhu TF, Chen ZF, Yao H, et al Dendritic cells derived from preeclampsia

patients influence Th1/Th17 cell differentiation in vitro. Int J Clin Exp Med 2014; 7:5303–5309. PMID:

25664035

13. Kuntz TB, Christensen RD, Stegner J, Duff P, Koenig JM Fas and Fas ligand expression in maternal

blood and in umbilical cord blood in preeclampsia. Pediatr Res 2001; 50: 743–749. https://doi.org/10.

1203/00006450-200112000-00019 PMID: 11726734

14. Chang TH, Huang HY, Hsu JB, Weng SL, Horng JT, Huang HD An enhanced computational platform

for investigating the roles of regulatory RNA and for identifying functional RNA motifs. BMC Bioinformat-

ics 2013; 14 Suppl 2: S4. PMID: 23369107

15. Nemchenko A, Hill JA (2010) NEMO nuances NF-kappaB. Circ Res 2010; 106:10–12. https://doi.org/

10.1161/CIRCRESAHA.109.211185 PMID: 20056939

16. Lawrence T The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol

2009; 1:a001651. https://doi.org/10.1101/cshperspect.a001651 PMID: 20457564

17. Mooster JL, Cancrini C, Simonetti A, Rossi P, Di MG, Romiti ML, et al Immune deficiency caused by

impaired expression of nuclear factor-kappaB essential modifier (NEMO) because of a mutation in the

5’ untranslated region of the NEMO gene. J Allergy Clin Immunol 2010; 126:127–132. https://doi.org/

10.1016/j.jaci.2010.04.026 PMID: 20542322

18. Oeckinghaus A, Ghosh S The NF-kappaB family of transcription factors and its regulation. Cold Spring

Harb Perspect Biol 2009; 1:a000034. https://doi.org/10.1101/cshperspect.a000034 PMID: 20066092

19. Pahl HL Activators and target genes of Rel/NF-kappaB transcription factors. Oncogene 1999; 18:6853–

6866. https://doi.org/10.1038/sj.onc.1203239 PMID: 10602461

20. Israel A The IKK complex, a central regulator of NF-kappaB activation. Cold Spring Harb Perspect Biol

2010; 2: a000158. https://doi.org/10.1101/cshperspect.a000158 PMID: 20300203

21. Nenci A, Huth M, Funteh A, Schmidt-Supprian M, Bloch W, Metzger D, et al Skin lesion development in

a mouse model of incontinentia pigmenti is triggered by NEMO deficiency in epidermal keratinocytes

and requires TNF signaling. Hum Mol Genet 2006; 15:531–542. https://doi.org/10.1093/hmg/ddi470

PMID: 16399796

22. Fusco F, Pescatore A, Conte MI, Mirabelli P, Paciolla M, Esposito E, et al EDA-ID and IP, two faces of

the same coin: how the same IKBKG/NEMO mutation affecting the NF-kappaB pathway can cause

immunodeficiency and/or inflammation. Int Rev Immunol 2015; 34:445–459. https://doi.org/10.3109/

08830185.2015.1055331 PMID: 26269396

23. Salgado SS, Salgado KR Structural changes in pre-eclamptic and eclamptic placentas—an ultrastruc-

tural study. J Coll Physicians Surg Pak 2011; 21:482–486. PMID: 21798135

24. Sankar KD, Bhanu PS, Ramalingam K, Kiran S, Ramakrishna BA Histomorphological and morphome-

trical changes of placental terminal villi of normotensive and preeclamptic mothers. Anat Cell Biol 2013;

46:285–290. https://doi.org/10.5115/acb.2013.46.4.285 PMID: 24386601

25. Sakowicz A, Hejduk P, Pietrucha T, Nowakowska M, Pluciennik E, Pospiech K, et al Finding NEMO in

preeclampsia. Am J Obstet Gynecol 2016; 214: 538–7. https://doi.org/10.1016/j.ajog.2015.11.002

PMID: 26571191

26. Kawai T, Nishikomori R, Heike T Diagnosis and treatment in anhidrotic ectodermal dysplasia with immu-

nodeficiency. Allergol Int 2012; 61:207–217. https://doi.org/10.2332/allergolint.12-RAI-0446 PMID:

22635013

27. Gruber AR, Lorenz R, Bernhart SH, Neubock R, Hofacker IL The Vienna RNA websuite. Nucleic Acids

Res 2008; 36:W70–W74. https://doi.org/10.1093/nar/gkn188 PMID: 18424795

28. Lorenz R, Bernhart SH, Honer Zu SC, Tafer H, Flamm C, Stadler PF, et al ViennaRNA Package 2.0.

Algorithms Mol Biol 2011; 6:26. https://doi.org/10.1186/1748-7188-6-26 PMID: 22115189

Double hit of NEMO in preeclampsia

PLOS ONE | https://doi.org/10.1371/journal.pone.0180065 June 27, 2017 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/17127247
https://doi.org/10.1136/bmj.38555.462685.8F
http://www.ncbi.nlm.nih.gov/pubmed/16169871
https://doi.org/10.1093/humupd/dmq007
http://www.ncbi.nlm.nih.gov/pubmed/20388637
https://doi.org/10.1155/2014/210241
https://doi.org/10.1155/2014/210241
http://www.ncbi.nlm.nih.gov/pubmed/24987708
https://doi.org/10.3389/fimmu.2014.00244
http://www.ncbi.nlm.nih.gov/pubmed/24904591
http://www.ncbi.nlm.nih.gov/pubmed/25664035
https://doi.org/10.1203/00006450-200112000-00019
https://doi.org/10.1203/00006450-200112000-00019
http://www.ncbi.nlm.nih.gov/pubmed/11726734
http://www.ncbi.nlm.nih.gov/pubmed/23369107
https://doi.org/10.1161/CIRCRESAHA.109.211185
https://doi.org/10.1161/CIRCRESAHA.109.211185
http://www.ncbi.nlm.nih.gov/pubmed/20056939
https://doi.org/10.1101/cshperspect.a001651
http://www.ncbi.nlm.nih.gov/pubmed/20457564
https://doi.org/10.1016/j.jaci.2010.04.026
https://doi.org/10.1016/j.jaci.2010.04.026
http://www.ncbi.nlm.nih.gov/pubmed/20542322
https://doi.org/10.1101/cshperspect.a000034
http://www.ncbi.nlm.nih.gov/pubmed/20066092
https://doi.org/10.1038/sj.onc.1203239
http://www.ncbi.nlm.nih.gov/pubmed/10602461
https://doi.org/10.1101/cshperspect.a000158
http://www.ncbi.nlm.nih.gov/pubmed/20300203
https://doi.org/10.1093/hmg/ddi470
http://www.ncbi.nlm.nih.gov/pubmed/16399796
https://doi.org/10.3109/08830185.2015.1055331
https://doi.org/10.3109/08830185.2015.1055331
http://www.ncbi.nlm.nih.gov/pubmed/26269396
http://www.ncbi.nlm.nih.gov/pubmed/21798135
https://doi.org/10.5115/acb.2013.46.4.285
http://www.ncbi.nlm.nih.gov/pubmed/24386601
https://doi.org/10.1016/j.ajog.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26571191
https://doi.org/10.2332/allergolint.12-RAI-0446
http://www.ncbi.nlm.nih.gov/pubmed/22635013
https://doi.org/10.1093/nar/gkn188
http://www.ncbi.nlm.nih.gov/pubmed/18424795
https://doi.org/10.1186/1748-7188-6-26
http://www.ncbi.nlm.nih.gov/pubmed/22115189
https://doi.org/10.1371/journal.pone.0180065


29. Huang HY, Chien CH, Jen KH, Huang HD RegRNA: an integrated web server for identifying regulatory

RNA motifs and elements. Nucleic Acids Res 2006; 34: W429–W434. https://doi.org/10.1093/nar/

gkl333 PMID: 16845041

30. Kumar A, Wong AK, Tizard ML, Moore RJ, Lefevre C miRNA_Targets: a database for miRNA target

predictions in coding and non-coding regions of mRNAs. Genomics 2012; 100:352–356. https://doi.org/

10.1016/j.ygeno.2012.08.006 PMID: 22940442

31. Barrett JC, Fry B, Maller J, Daly MJ Haploview: analysis and visualization of LD and haplotype maps.

Bioinformatics 2005; 21:263–265. https://doi.org/10.1093/bioinformatics/bth457 PMID: 15297300

32. Harwood FG, Kasibhatla S, Petak I, Vernes R, Green DR, Houghton JA Regulation of FasL by NF-kap-

paB and AP-1 in Fas-dependent thymineless death of human colon carcinoma cells. J Biol Chem 2000;

275:10023–10029. PMID: 10744679

33. Vaughan JE, Walsh SW Activation of NF-kappaB in placentas of women with preeclampsia. Hypertens

Pregnancy 2012; 31: 243–251. https://doi.org/10.3109/10641955.2011.642436 PMID: 22380486

34. Luppi P, Tse H, Lain KY, Markovic N, Piganelli JD, DeLoia JA Preeclampsia activates circulating

immune cells with engagement of the NF-kappaB pathway. Am J Reprod Immunol 2006; 56:135–144.

https://doi.org/10.1111/j.1600-0897.2006.00386.x PMID: 16836616

35. Noris M, Perico N, Remuzzi G Mechanisms of disease: Pre-eclampsia. Nat Clin Pract Nephrol 2005; 1:

98–114. https://doi.org/10.1038/ncpneph0035 PMID: 16932375

36. Pennington KA, Schlitt JM, Jackson DL, Schulz LC, Schust DJ Preeclampsia: multiple approaches for a

multifactorial disease. Dis Model Mech 2012; 5:9–18. https://doi.org/10.1242/dmm.008516 PMID:

22228789

37. Knapinska AM, Irizarry-Barreto P, Adusumalli S, Androulakis I, Brewer G Molecular Mechanisms Regu-

lating mRNA Stability: Physiological and Pathological Significance. Current Genomics 2005; 6:471–

486.

38. Akdeli N, Riemann K, Westphal J, Hess J, Siffert W, Bachmann HS A 3’UTR polymorphism modulates

mRNA stability of the oncogene and drug target Polo-like Kinase 1. Mol Cancer 2014; 13:87. https://doi.

org/10.1186/1476-4598-13-87 PMID: 24767679

39. Maiti GP, Ghosh A, Mondal P, Baral A, Datta S, Samadder S, et al SNP rs1049430 in the 3’-UTR of

SH3GL2 regulates its expression: Clinical and prognostic implications in head and neck squamous cell

carcinoma. Biochim Biophys Acta 2015; 1852:1059–1067. https://doi.org/10.1016/j.bbadis.2015.02.

009 PMID: 25728707

40. Li X, Quon G, Lipshitz HD, Morris Q Predicting in vivo binding sites of RNA-binding proteins using

mRNA secondary structure. RNA 2010; 16:1096–1107. https://doi.org/10.1261/rna.2017210 PMID:

20418358

41. Akehurst C, Small HY, Sharafetdinova L, Forrest R, Beattie W, Brown CE, et al Differential expression

of microRNA-206 and its target genes in preeclampsia. J Hypertens 2015; 33:2068–2074. https://doi.

org/10.1097/HJH.0000000000000656 PMID: 26213997

42. Mouillet JF, Donker RB, Mishima T, Cronqvist T, Chu T, Sadovsky Y The unique expression and func-

tion of miR-424 in human placental trophoblasts. Biol Reprod 2013; 89:25. https://doi.org/10.1095/

biolreprod.113.110049 PMID: 23803556

43. Guo L, Tsai SQ, Hardison NE, James AH, Motsinger-Reif AA, Thames B, et al Differentially expressed

microRNAs and affected biological pathways revealed by modulated modularity clustering (MMC) anal-

ysis of human preeclamptic and IUGR placentas. Placenta 2013; 34:599–605. https://doi.org/10.1016/j.

placenta.2013.04.007 PMID: 23639576

44. Fu J, Wolfs MG, Deelen P, Westra HJ, Fehrmann RS, Te Meerman GJ, et al Unraveling the regulatory

mechanisms underlying tissue-dependent genetic variation of gene expression. PLoS Genet 2012; 8:

e1002431. https://doi.org/10.1371/journal.pgen.1002431 PMID: 22275870

45. Fusco F, Mercadante V, Miano MG, Ursini MV Multiple regulatory regions and tissue-specific transcrip-

tion initiation mediate the expression of NEMO/IKKgamma gene. Gene 2006; 383:99–107. https://doi.

org/10.1016/j.gene.2006.07.022 PMID: 16997509

Double hit of NEMO in preeclampsia

PLOS ONE | https://doi.org/10.1371/journal.pone.0180065 June 27, 2017 15 / 15

https://doi.org/10.1093/nar/gkl333
https://doi.org/10.1093/nar/gkl333
http://www.ncbi.nlm.nih.gov/pubmed/16845041
https://doi.org/10.1016/j.ygeno.2012.08.006
https://doi.org/10.1016/j.ygeno.2012.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22940442
https://doi.org/10.1093/bioinformatics/bth457
http://www.ncbi.nlm.nih.gov/pubmed/15297300
http://www.ncbi.nlm.nih.gov/pubmed/10744679
https://doi.org/10.3109/10641955.2011.642436
http://www.ncbi.nlm.nih.gov/pubmed/22380486
https://doi.org/10.1111/j.1600-0897.2006.00386.x
http://www.ncbi.nlm.nih.gov/pubmed/16836616
https://doi.org/10.1038/ncpneph0035
http://www.ncbi.nlm.nih.gov/pubmed/16932375
https://doi.org/10.1242/dmm.008516
http://www.ncbi.nlm.nih.gov/pubmed/22228789
https://doi.org/10.1186/1476-4598-13-87
https://doi.org/10.1186/1476-4598-13-87
http://www.ncbi.nlm.nih.gov/pubmed/24767679
https://doi.org/10.1016/j.bbadis.2015.02.009
https://doi.org/10.1016/j.bbadis.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/25728707
https://doi.org/10.1261/rna.2017210
http://www.ncbi.nlm.nih.gov/pubmed/20418358
https://doi.org/10.1097/HJH.0000000000000656
https://doi.org/10.1097/HJH.0000000000000656
http://www.ncbi.nlm.nih.gov/pubmed/26213997
https://doi.org/10.1095/biolreprod.113.110049
https://doi.org/10.1095/biolreprod.113.110049
http://www.ncbi.nlm.nih.gov/pubmed/23803556
https://doi.org/10.1016/j.placenta.2013.04.007
https://doi.org/10.1016/j.placenta.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23639576
https://doi.org/10.1371/journal.pgen.1002431
http://www.ncbi.nlm.nih.gov/pubmed/22275870
https://doi.org/10.1016/j.gene.2006.07.022
https://doi.org/10.1016/j.gene.2006.07.022
http://www.ncbi.nlm.nih.gov/pubmed/16997509
https://doi.org/10.1371/journal.pone.0180065

