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Summary

Purpose of investigation: The aims of this study were to elucidate functional pathways of genes responsible for key events in tro-
phoblast invasion and to compare differences in paternal and maternal fitness gene expression in preeclampsia (PE) placenta. Materi-
als and Methods: The authors combined data across seven studies published between 1995 and 2014. All genes downloaded from public
web sites were analyzed using the metaprofiling and highlighted differentially expressed genes, the chromosomal location of the can-
didate genes, enriched pathways, and genomic conflicting situations that may play an important role in the trophoblast invasion. Results:
The majority of differentially expressed genes and their downstream targets associated with trophoblast invasion were mediated through
the activation of MMP signaling pathways. The paternal fitness genes that favor trophoblast invasion and fetal growth were reduced in
the PE placenta. Half of the differentially expressed genes were located in close proximity to known imprinted genes. Several genes iden-
tified in PE were located in a cluster of imprinted genes on chromosomes 1p31, 9934, and 11p15.4. Conclusion: PE may be recognized

as a paternal/fetal imprinting disease.
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Introduction

Preeclampsia (PE), one of the pregnancy-specific syn-
drome, complicates approximately 5% of pregnancies and
affects maternal and fetal health worldwide [1]. One major
underlying theory is that initial insults such as placental is-
chemia disrupt the deep trophoblast invasion into the uter-
ine wall resulting in shallow implantation, abnormal spiral
artery remodeling, and poor placentation [2]. The expres-
sion profiling of differentially expressed genes in PE pla-
centa has been studied extensively with microarrays and
genome-wide approaches as a tool for functional genomics
studies [3, 4]. In order to understand the pathogenesis of
PE, these analyses emphasized the dysfunctional decidual-
ization as the main mechanism involved in the PE devel-
opment [5], and can offer a potentially powerful way to
infer the evolutionary dynamics.

The reproductive interests of fetus and mother lead to
conflict over parental investment [6-8]. On the one hand,
trophoblast invasion has been required to fulfill fetal de-
mand maximally through intensive (epi)genetic selection,
because paternal genetic interests are served by maximiz-
ing fetal growth. On the other hand, increased fetal body
weight will be countered by a maternal genetic disagree-
ment as an antagonistic coevolution. Understanding these
(epi)genetic changes and predisposition could help to clar-
ify the pathogenesis of the disease.

The objective of this study was to identify differentially
expressed genes and essential signaling pathways of the
trophoblast invasion in PE placenta. Next, the authors fo-
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cused on the question if the imbalance of paternal and ma-
ternal fitness gene expression or genetic conflict could
modulate the induction of trophoblast invasion in PE.

Materials and Methods

A Medline search of the literature was performed using the key
words: (“preeclampsia” or “eclampsia” or “pregnancy-induced
hypetension”) and (“genome wide” or “gene expression” or “pro-
filing” or “pathway analysis” or “susceptibility gene”) and/or
(“imprinting” or “maternal fetal conflict”). English-language pub-
lications in PubMed and references from relevant articles pub-
lished between 1995 and 2014 were included.

The authors selected 12 studies that have used DNA microar-
rays and protein expression analysis to identify the expression sig-
natures of human PE placenta [9-20]. Since each microarray study
was limited by its relatively small sample sizes, seven available
data were included in processing and analysis [9, 11, 13, 14, 17, 18,
20]. Individual genes were downloaded across publicly accessible
PE expression databases. All data sets available were log trans-
formed and data were provided in single composite excel file for-
mat. All genes downloaded from public web sites were analyzed
using the comparative metaprofiling that identifies the multiple
gene expression signatures from a diverse collection of data sets.
These steps have been previously described in detail [21]. Genes
are ranked within each dataset by the p-value. The authors identi-
fied differentially expressed genes between PE and normal pla-
centa by applying the following thresholds: p < 0.001 and > ten
-fold change. Gene set enrichment analyses across studies were
determined by comparing rankings against a random distribution
to improve gene-disease association prediction. Enriched terms
were searched in functional-related gene categories in PE as de-
scribed previously [4]. All genes listed in Table 1 were annotated
by PubMed gene database (http://www.ncbi.nlm.nih.gov/gene/)
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that is an easily accessible and searchable web tool to assemble a
relevant collection of gene function.

Imprinted gene information has been gathered from National
Center for Biotechnology Information database geneimprint.com
(http://www.geneimprint.com/). Patients of both severe PE and con-
trol groups were all in the second and third trimester of pregnancy.

Results

Functional categories of differentially expressed genes in-
volved in the trophoblast invasion in PE

The aim of the present study was to detect the candidate
genes involved in cell motility and invasion in PE. Among

the 82 differentially expressed genes, 30 were upregulated
and 37 were downregulated in the PE placenta as compared
to normal placenta. In the remaining 15 genes, the authors
could not identify the expression levels using a PubMed
database search. The most meaningful sets of enriched cat-
egories were those involving the transcription factors/regu-
lators (n=13), chemokines/cytokines (n=13), proteases/
protein degradation (n=13), growth factors/regulators
(n=10), and signal transduction (n=9) (Table 1). The re-
maining 24 genes could not be grouped into distinct groups.

First, the authors describe how these differentially ex-
pressed genes contribute to the dysregulation of the tro-
phoblast invasion. The genes controlling ‘transcriptional

Table 1. — List of differentially expressed genes involved in trophoblast invasion in preeclampsia placenta.
Left column, this table shows eighty-two differentially expressed genes and enriched pathways in preeclampsia placenta. Right column,
known imprinted genes lie in close proximity of the known imprinted genes.

The differentially expressed genes in PE

The imprinting genes which lie in close proximity on each chromosome

The up- and
Biological Official Official Full Name Location down- Official Official Full Name Location Status Expressed
Processes Symbol regulated  Symbol Allele
DEGs
The genes involved in the modulation of MMPs
KLF8 Kr pel-like factor 8 Xpll.21 down
HMOX1  Heme oxygease | 22q13.1 down
FOXMI  forkhead box M1 12p13 unknown RBP5 retinol binding protein 5 12p13.31 AS Imprinted ~ Maternal
MYC v-myc avian myelocytomatosis viral 8q2421 down
oncogene homolog
hypoxia inducible factor 1, alpha
HIF1A subunit (basic helix-loop-helix 14q23.2 up
transcription factor)
RUNX2  runt related transcription factor 2 6p21 unknown BTNL 2 butyrophilin like 2 6p21.3AS  Predicted Maternal
Transeription CDX2 caudal type homeobox 2 13q12.3 up — —
factors (n=13) FOSL1  FOS like antigen 1 11q13  unknown ANO] ~ nOcAmMR b CACUMACHVARE 110133 Imprinted  Materal
chloride channel
FOS FBJ murine osteosarcoma viral 14243 down
oncogene homolog
JUN jun proto-oncogene 1p32-p31  up
CDX1 caudal type homeobox 1 5q32 down
transcription factor AP-2 alpha
TFAP2A  (activating enhancer binding protein 6p24 up
2 alpha, AP-20)
CALR calreticulin 191313 wp PPAP2C f;gg}‘cat‘d‘C acid phosphatase 1013 0 preicted  Maternal
SAAL serum amyloid Al 11pl5.1 down PKP3 plakophilin 3 11pl5 Predicted ~ Maternal
keNQioTy KONQI opposite strand/ 11pl5  Imprinted Paternal
antisense transcript 1
. - . Provisional
NODAL  nodal growth differentiation factor 10q22.1 up CTNNA3  catenin alpha 3 10q22.2 AS Data Maternal
IL17A interleukin 17A 6pl2 up PRIM2 primase, DNA, polypeptide 2 ipsl Zplll g:?;hctmg
. carbohydrate
~ TGFBI ?fgs;";‘;mg growthfactorbeta I 190131 qoun  CHSTS  (N-acetylgalactosamine 4-0)  19q13.1  Predicted  Maternal
Ch_emokmes i sulfotransferase 8
(@=12) LIF leukemia inhibitory factor 29122 up FLI20464 22q12.2 Predicted  Paternal
CCL17  chemokine (C-C motif) ligand 17~ 16q13 unknown
OSM oncostatin M 22q12.2 down FLJ20464 22q12.2 Predicted  Paternal
CXCLI12  chemokine (C-X-C motif) ligand 12 10q11.1 down
TGFB3  tumor growth factor beta3 14q24 up
DCN decorin 12921.33  up DCN decorin 12q21.33 AS Imprinted  Maternal
CXCL6  chemokine (C-X-C motif) ligand 6 4q13.3 unknown
HLA-G  major histocompatibility complex, oy 5 goun BINL 2 butyrophilin like 2 6p21.3AS  Predicted  Maternal

classI, G




916 Paternal contribution to the preeclampsia phenotype
MMP2 Matrix metalloproteinase-2 16q12.2 down
MMP9 Matrix metalloproteinase-9 20q13.12  down L3MBTL  1(3)mbt-like 1 20q13.12  Imprinted Paternal
ADAMI12 DAM metallopeptidase domain 12 1026 down NKX6-2 ~ NK6 homeobox 2 10926 Imprinted  Maternal
also known as CFAP46 (cilia
C100rf93  and flagella associated protein ~ 10q26 Imprinted ~ Maternal
46)
VENTX VENT homeobox 10926 Imprinted  Maternal
PAOX pol}/amlne oxidase (exo-Nd- 10q26 Imprinted ~ Maternal
amino)
Cl10orf91 chromosome 10 open reading 10926 Imprinted ~ Maternal
frame 91
PAPPA pregqancy—assomatgd plasma 99332 down
protein A, pappalysin 1
adrenomedullin 2; also known as
ADM2 Intermedin (IMD) 22q13.33  down
Proteases POFUTI1  protein O-fucosyltransferase 1 20q11 unknown  PSIMCT-1 malignant T-cell amplified 20q11 Imprinted ~ Paternal
(n=11) sequence 2, pseudogene
BLCAP bladd‘er cancer associated 20q11 Imprinted Isoform
protein Dependent
NNAT neuronatin 20q11 Imprinted ~ Paternal
Mcrsy  Malignant Tcell amplified ), Imprinted  Paternal
sequence 2, pseudogene
EDP Elastin-derived peptides unknown
corin, serine peptidase; also
CORIN  known as atrial natriuretic peptide- down
converting enzyme
olvoentide obscurin, cytoskeletal
GALNT2 POYPP . 1q41-q42  unknown OBSCN  calmodulin and titin-interacting 1q42 Predicted  Paternal
N-acetylgalactosaminyltransferase 2 RhoGEF
HIST3H2BB histone cluster 3, H2bb 1q42 Predicted ~ Maternal
DPP4 Dipeptidyl peptidase [V 2q24.3 up
PRSS8 protease, serine 8 16pl1.2 up
EGFL7 Epldemal gr‘owth factor-like 99343 down LMXIB LIM homeobox transcription 9q34 Predicted  Maternal
domain multiple 7 factor 1, beta. I
Coorfllg  Chromosomedopenreading g 303 uq progicied  Paternal
frame 116
EGFL7 EGF like domain multiple 7 9q34.3 Predicted  Paternal
PHPT1 phosphohistidine phosphatase 1 9q34.3 Predicted ~ Maternal
PRL Prolactin 6p22.3 up
membrane associated guanylate
HGF hepatocyte growth factor 7q21.1 down MAGI2 kinase, WW and PDZ domain ~ 7q21 AS Imprinted  Maternal
Growth fact containing 2
/Hm actors PEG10 paternally expressed 10 7q21 Imprinted ~ Paternal
(ni)i'gl)ones SGCE sarcoglycan epsilon 7q21-q22 AS Imprinted ~ Paternal
HLX H2.0-like homeobox 1g41 down
IGF2BP3 1r?su!1n like gr'owth factor 2 mRNA il down
binding protein 3
Activin A up
hCG up
GNRH1  gonadotropin releasing hormone 1  8p21-p11.2 unknown PURG ﬁ ;l;g;rg h clement binding 8pl1 AS  Predicted Paternal
IGFBP7 msull'n like growth factor binding 4q12 wp
protein 7
ESRI estrogen receptor | 6q25.1 down
cadherin 2; also known as
CDH2 N-cadherin 18ql11.2 down
CLDN4  claudin 4 7q11.23 up HOXA3  homeobox A3 Tpl15-pl4 AS Predicted ~ Maternal
KISS1 KiSS-1 metastasis-suppressor 1q32 up PTPN14 protein tyrosine phosphatase, 19322 AS  Predicted  Maternal
non-receptor type 14
Cell-cell ADORA2B adenosine A2b receptor 17p12 up
eeel CDS2 D82 molecule 1lpll2  unknown
interactions secreted protein acidic and cysteine
(n=8) SPARC rich p 4 5q31.3-q32  down CSF2 colony stimulating factor 2 5¢31.1 Predicted ~ Maternal
VTRNA2-1 vault RNA 2-1 5¢31.1 AS  Imprinted Paternal
LGALS] lectin, galactoside-binding, soluble, 2q13.1 down
LAMA4  laminin subunit alpha 4 6q21 down AIM1 absent in melanoma | 6q21 Imprinted  Paternal
LIN28B lin-28 homolog B 6q21 Imprinted ~ Paternal
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STMNI  stathmin | 1p3611  unknown DVLI gil:;vfllled segment polarity 3006 predicted  Maternal
LIMK1  LIM domain kinase 1 7q11.23 down TMEM60  transmembrane protein 60 7q11.23 AS Predicted  Paternal
NOTCHI notch 1 9343  down  Lwmxip  L-1Mhomeobox transcription g ., Predicted  Maternal
factor 1, beta
C9orfi1  Chromosome 9 openreading g 343 0 progicied  Paternal
frame 116
EGFL7 EGF like domain multiple 7 9q34.3 Predicted  Paternal
Signal (n=8) PHPTI phosphohistidine phosphatase 1 9q34.3 Predicted  Maternal
S1PR1 sphingosine-1-phosphate receptor 1 1p21 down
TWISTI twist family bHLH transcription 7212 down
factor |
signal transducer and activator of . .
STATSA ranscription SA 17q11.2 unknown PYY2 peptide YY, 2 (pseudogene) 17q11 Predicted  Paternal
EFNA1  ephrin-Al 1q21-q22  unknown
. Phosphatidic acid phosphatase .
EFNA2  ephrin-A2 19p13.3 unknown  PPAP2C ype 2C 19p13AS  Predicted  Maternal
CD44 CD44 molecule 11p13 up t\l:; -Alt 11p13AS  Imprinted Paternal
Cell cycle - —
. growth arrest and DNA damage DIRAS family GTP binding .
reéulatlon GADD45A inducible alpha 1p31.2 up DIRAS3 RAS like 3 Ip31AS  Imprinted Paternal
=3 5-hydroxytryptami tor 13ql4-q21 Conflicti
RGC32  RGCC (Regulator of cell cycle) ~ 13q14.11  up HTR2A ~IYCroxylyptanie receplot 4**4 OMHICHNE \ faternal
2A. AS Data
Ubiquitination CUL1 cullin 1 7q36.1 down
(n=2) CUL3 cullin 3 2q36.2 down
Adipocytes .
(n=1) LEP leptin 7q31.3 up
SCNN1A s . . . . .
Channel (n=1) (ENaC) epithelial sodium channel 12p13 down RBPS retinol binding protein 5 12p13.31 AS Imprinted ~ Maternal
Parentally membrane associated guanylate
expressed PEG10 paternally expressed 10 7921 down MAGI2 kinase, WW and PDZ domain ~ 7q21 AS ~ Imprinted Maternal
imprinted containing 2
genes (n=1) SGCE sarcoglycan epsilon 7q21-q22 AS Imprinted ~ Paternal
PLACI  placenta specific | Xq26 up
nuclear receptor subfamily 4 group .
on . NR4AL Amember 1 also known as NURT7 12q13 down SLC26A10 12q13 Predicted  Maternal
ers (n=2) SLC38A4 12q13AS  Unknown Unknown
HOXC4 12q13.3 Predicted ~ Maternal
HOXC9 12q13.3 Predicted ~ Maternal
The genes not involved in the modulation of MMPs
Cell-cell
interaction  SLIT2 slit guidance ligand 2 4p15.2 up
(n4)
CNN3  calponin3 1p22p21  unknown GFIl growth factor independent 1\ ) o progicied  Paternal
transcription repressor
SIGLECI sialic acid binding Ig like lectin 1~ 20p13 up
MBL2 mannose binding lectin 2 10q11.2 up
High temperature requirement A4 purine-rich element binding .
HTRA4 (HtrA4) serine peptidase 4 8pl1.22 up PURG protein G 8pl1 AS  Predicted Paternal
Protease (n=2) serpin peptidase inhibitor, clade B
SERPINBS (ovalbumin), member 5; also known 18¢q21.33  up
as Maspin
pleckstrin homology like domain o - .
PHLDA2 family A member 2 11pl5.4 up OSBPLS  oxysterol binding protein like 5 11p15.4 AS Imprinted  Maternal
Parentally KeNQIDN KONQI downstream neighbor 1y g 0 s Maternal
(non-protein coding)
expressed Provisional
imprinted ZNF215 zinc finger protein 215 11pl5.4 Data Maternal
=1
genes (n=1) PKP3 plakophilin 3 1pls Predicted  Matemal
KkenQloT) KENQT opposite strand/ 11pl5  Imprinted Paternal
antisense transcript 1
Signal (n=1) DAB2IP  DAB?2 interacting protein 9q33.1-g33.3 down
gielr)n okines CXCL3  chemokine (C-X-C motif) ligand 3 4q21 down
Others (n=1) PIF Prelmplantation Factor down
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factors/regulators’ were functionally enriched for the regu-
lation of increased cell migration, invasion, and motility:
most of which are implicated in cancer invasion. These
genes, such as KLF§ [22], HMOXI1 [23], FOXM1 [24],
MYC [25], HIF1A [26], RUNX2 [27], CDX2 [28], FOSL1
[29], FOS [29], JUN [30], CDX1 [31], TFAP2A [32], and
CAL [33], are thought to be attractive targets for cancer
therapy due to their role in tumor invasion, metastasis, and
progression via regulating MMPs. These transcription reg-
ulators act as upstream target genes that were coupled with
the regulation of expression and activation of MMPs, pos-
sibly resulting in the modulation of trophoblast invasion in
decidual tissue. MMP deficiency during early pregnancy is
associated with suppression of trophoblast invasion and spi-
ral artery remodeling, and then leads to increased risk of
several pregnancy complications, such as PE, fetal growth
restriction (FGR), and recurrent pregnancy loss [34,35].

The next prominent biological pathway of the candidate
target genes was identified as a subset of cellular process re-
lated to chemokines, cytokines or immune modulations, in-
cluding SAA1 [36], NODAL [37], IL17A [38], TGFBI1
[39], LIF [40], CCL17 [41], OSM [42], CXCL12 [43],
TGFB3 [44], DCN [45], CXCL6 [46], HLA-G [47], and
CXCL3 [48]. Chemokines (CXCL) and chemokine recep-
tors (CXCR) have been implicated in a pivotal role in ma-
lignant transformation and tumor invasion [49].
Chemokines of the CXC family are thought to play key
roles in the regulation of trophoblast differentiation and in-
vasion [50]. Additionally, the CXCL-CXCR axis is also in-
volved in regulation of decidual leukocyte trafficking to the
maternal-fetal interface [50]. Thus, these genes have im-
portant roles in decidualization, embryo implantation, tro-
phoblast invasion, and placentation, thus providing
decidual-blastocyst communication in the peri-implanta-
tion period.

This study also suggests that the genes controlling ‘pro-
teases’ are most likely to be essential for extracellular ma-
trix degradation and trophoblast invasion, including MMP2
[51], MMP9 [51], ADAMI12 [52], PAPPA [53], ADM2
[54], POFUT1 [55], EDP, CORIN [56], GALNT?2 [57],
DPP4 [58], PRSS8 [59], HTRA4 [60], and SERPINBS
[61]. These genes were recognized as important factors me-
diating tumor invasion. The majority of these genes listed
in this study can regulate the expression and function of
MMPs that are direct or indirect targets of these genes.
Overall, MMPs are regulated by DNA methylation and
downregulated in PE [62].

One of the common differentially expressed genes be-
longs to the pathway regulating ‘growth factors and hor-
mones’, which includes EGFL7 [63], PRL [64], HGF [65],
HLX [66], IGF2BP3 [67], Activin A [68], hCG [69],
GNRHI1 [70], IGFBP7 [71], and ESR1 [72]. These genes
modulate tumor growth, invasion, and distant metastasis.
The encoded proteins also play a role in regulating tro-
phoblast proliferation, invasion, angiogenesis, and mi-

croenvironment modification in normal pregnancy. Mem-
bers of the IGF family were found to be downregulated in
placental tissue from women with PE [73].

The ‘signal transduction’-related genes are candidate reg-
ulators of trophoblast invasion. Aberrant expression of
these genes, such as STMNI1 [74], LIMK1 [75], NOTCH1
[76], SIPR1 [77], TWIST1 [78], STATSA [79], EFNA1
[80], and EFNA2 [80], was identified as potential tumor-as-
sociated genes and may be involved in the growth, inva-
sion, metastasis, and epithelial mesenchymal transition of
tumor cells. These candidate genes promote trophoblast
proliferation, migration, and invasion, whereas knockdown
of these genes inhibited these processes. The majority of
these genes were downregulated in placental villi tissue and
trophoblasts from patients with PE.

Transcriptional regulation of ‘other genes’ also shows an
enrichment of terms involved in cell functions that also co-
ordinates various programs essential for trophoblast inva-
sion. Collectively, these differentially expressed genes and
their downstream targets play important roles in trophoblast
invasion, which may be mediated mostly through the acti-
vation of MMP signaling pathways. These genes were
found to suppress trophoblast invasion experimentally
through downregulation and inactivation of members of the
MMP family.

Genomic conflict arising from an imbalance between ma-
ternal and paternal fitness genes

Second, the authors assessed parental investment and
adaptations function to benefit maternal and fetal repro-
ductive interests. Profiling of differentially expressed genes
and potential downstream targets predict the molecular
pathways underlying the pathological control of PE devel-
opment. The authors found that the majority of the differ-
entially expressed genes that might promote MMP
production were downregulated, while most upregulated
genes inhibit MMP expression in the placentae of women
with PE (Table 1, see ‘the genes involved in the modulation
of MMPs’). Among 82 genes, 68 (81.7%) genes were neg-
atively correlated with trophoblast invasion and fetal
growth, namely paternal fitness genes. These results sup-
port the previous idea that PE may be associated with an
imbalance in the maternal-paternal (fetal) genetic response
[3]. The parentally fitness genes perform different roles
during fetal development. For example, IGF2BP3 (insulin-
like growth factor-2 mRNA-binding protein 3) is expressed
specifically in placenta as a paternal fitness gene and acti-
vates IGF2-dependent signaling pathways required for fetal
development through phosphatidylinositide 3-kinase
(PI3K) and mitogen-activated protein kinase (MAPK) cas-
cades. Most components of the paternal fitness genes in-
cluding IGF induces cell invasion by a mechanism that
involves the MMP activation. IGF2BP3 can promote both
cancer cell and trophoblast invasion [81]. Thus, members of
the IGF family are evolved for the benefit of the trophoblast
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invasion and fetal development as the paternal/fetal fitness
gene [82]. In contrast, IGFBP7 has been identified as a
tumor suppressor gene and plays a key role in the suppres-
sion of trophoblast proliferation and invasion [83]. Mater-
nal allele IGFBP can inhibit trophoblast invasion and fetal
growth as the maternal fitness gene. Alterations in the IGF
axis, low IGF, and high IGFBP placental concentrations,
may influence trophoblast invasion and fetal growth, rep-
resenting a risk factor for PE and FGR susceptibility. In-
deed, the IGF/IGFBP ratio was lower in PE group than in
healthy pregnancy group [84].

Genes involved in trophoblast invasion are located in close
proximity to the imprinting region

Finally, the authors found that, among the 82 differentially
expressed genes, 36 (43.9%) genes involved in trophoblast
invasion lay in close proximity to the chromosome imprint-
ing region that displays a parental-specific imprinting (Table
1, right column, see ‘the imprinting genes which lie in close
proximity on each chromosome”). More than 200 loci are
imprinted in humans through the online PubMed database.
Although it is unclear whether these 36 genes are regulated
by a specific imprinting center, the number of genes that
mapped in close proximity to the imprinting region was
higher than those expected by chance alone. Although the
role of imprinted genes in the genesis of PE is still unknown,
some differentially expressed genes were located in or in
close proximity to an imprinted cluster on chromosomes
1p31, 9934, and 11p15.4. Loss of heterozygosity in a region
on chromosome 1p31 was frequently observed in breast and
ovarian cancer and male germ-cell tumors [85]. Chromo-
some 9q34 is thought to be a common deletion site in vari-
ous cancers and their premalignant lesions [86]. Genes
located on chromosome 11p15 is frequently methylated and
silenced at an imprinted cluster. These imprinting center re-
gions specifically regulate parentally-expressed genes. Since
the IGF2 gene located on chromosome 11p15 is maternally
imprinted in humans, disruption of the paternal Igf2 allele
causes severe FGR in mice. Alterations in expression and
methylation of imprinted genes may be involved in in utero
growth [87]. It has been hypothesized that the maternal fit-
ness genes inhibit fetal growth to counteract the deleterious
effects of growth enhancement by the paternal fitness genes
[88]. Trophoblast invasiveness and then fetal growth may
be controlled by the tug-of-war between paternal and ma-
ternal fitness genes [89].

Discussion

The present research focused on the identification of dif-
ferentially expressed genes and biological pathways un-
derlying trophoblast invasion in PE placenta, and the
existence of genetic conflict and genomic imprinting situ-
ations on the parental control of trophoblast invasion.

First, the authors identified significantly enriched mo-

lecular functions concerning trophoblast invasion. The dif-
ferentially expressed genes were involved in five key path-
ways. Extracellular matrix degradation and remodeling by
proteolytic enzymes, such as MMPs, are required for each
step of trophoblast invasion and spiral artery remodeling
[90]. This study showed a close similarity with cancer cells
in respect to their invasive behavior and capacity of MMPs
production. Indeed, human PE placenta is accompanied by
the decreased expression of MMPs compared with normal
placenta [34]. Downregulation of members of the MMP
family likely results in failure to achieve the establishment
and maintenance of normal pregnancy and may participate
in the pathological processes underlying PE and FGR.

Second, the authors identified the shared preeclamptic
molecular features over which conflict is expected, and then
reviewed the literature for evidence of their occurrence. Two
opposite signaling pathways, e.g., fetal growth and decidu-
alization processes, were related with the pathogenesis of
PE as a genetic consequence of maternal-fetal conflict situ-
ations [3]. Paternal genes may favor fetal growth, whereas
maternal gene has a protective role against fetal growth.
Members of the IGF family are genes evolved for the ben-
efit of the trophoblast invasion, spiral artery remodeling, and
placental and fetal development as the paternal fitness genes
to achieve maximal benefit for fetal growth [82]. In con-
trast, growth factor suppressors such as members of the
IGFBP family, have been identified as the maternal fitness
genes that function as the first line of defence against in-
vading trophoblast cells. Recent study showed that the ma-
jority of genes evolved as the defense and protective
mechanism for the mother, namely maternal fitness genes,
were also downregulated in PE placenta [4]. Maternal fit-
ness genes are considered to be involved in the ‘decidual-
ization process’ [3]. These results suggest that insufficient
decidualization plays a significant role in the pathogenesis
of PE.

The present authors hypothesize that PE may be associ-
ated with genomic conflict arising from an imbalance be-
tween maternal and paternal fitness genes [3, 4]. The
paternal genes attempt to outshine the maternal genes for
optimal benefit. The paternal fitness genes are unable to
cope with a physiologic genetic conflict, possibly through
inactivation of the genes involved in trophoblast invasion
and fetal growth. Therefore, the balance between fetal en-
ergy demand and nutrient supply is impaired in the PE pa-
tients.

Finally, the authors found that the high frequency of the
differentially expressed genes involved in trophoblast in-
vasion is located in close proximity to the imprinting re-
gion. Obstetricians typically recognize PE as maternal
disease [91]. However, the present molecular genomic, ge-
netic, and imprinting study suggests the paternal contribu-
tion. PE may be originated by a destiny marked since birth.
Previous study indicated that the paternal fitness genes
were predominant in PE placenta [3]. Here the present au-
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thors demonstrated that, among the paternal fitness genes,
the majority of MMP-related genes were inactivated. MMP
dysfunction is considered to be a critical component of PE
pathogenesis. One possibility is that epigenetic dysregula-
tion of paternal fitness genes in the blastocyst stage may be
the leading mechanism for developing PE. Furthermore, al-
tered epigenetic regulation in a specific couple may occur
at the embryonic stage which is sensitive to alter the DNA
methylation profile. Epigenetic modifications may be de-
tected not only in the exposed individual, but also in sub-
sequent progeny.

In conclusion, PE may be associated with either: 1) inac-
tivation of the MMP-related genes that are located in close
proximity to known imprinted genes, 2) aberrant expression
of paternal fitness genes that are related to nutrient demand,
3) an imbalance in the maternal-fetal genetic conflict, or 3)
an interaction of the three. PE may be recognized as a pater-
nal/fetal imprinting disease. Future experiments will focus
further on several of these differentially expressed genes.

Conclusion

PE may be recognized as a paternal/fetal imprinting dis-
ease.
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