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Summary

Aim. This manuscript summarizes the first
results obtained on the investigation of the rela-
tionship between genomic imprinting dysregula-
tion and intra-uterine growth restriction (IUGR).
Genomic imprinting refers to the silencing of one
parental allele in the zygotes depending upon the
parent of origin; this silencing occurs via epige-
netic processes such as DNA methylation and
histone modification resulting in monoallelic
expression of the affected genes in the offspring.
Genomic imprinting plays a critical role in
placental and fetal development. Emerging
evidence implicates Loss Of Imprinting (LOI) in
reproductive and developmental diseases, neuro-
logical disorders and cancer. IUGR accounts for

Riassunto

Finalità. Questo manoscritto riassume i risultati
preliminari dell’analisi sperimentale sulla rela-
zione fra imprinting genico e restrizione intrau-
terina della crescita (IUGR). L’imprinting genico
si riferisce al silenziamento di uno degli alleli
parentali nello zigote in relazione al genitore di
origine; questo fenomeno è regolato da processi
epigenetici quali la metilazione del DNA e la
modificazione degli istoni e risulta nella espres-
sione monoallelica di questi geni nella prole.
L’imprinting genico gioca un ruolo cruciale nello
sviluppo del feto e della placenta. Dati recenti
hanno dimostrato la perdita dell’imprinting
genico (LOI) in patologie della riproduzione e
dello sviluppo fetale, disordini neurologici e
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Introduction

Genomic imprinting refers to the silencing of one
parental allele in the zygotes via DNA methylation,
histone modification and RNA silencing, leading to
monoallelic expression of these genes in the
offspring. This process results in a reversible parent-
of-origin specific marking of the genome that ulti-
mately produces a functional difference between 
the genetic information contributed by each parent
(1, 2).

It has been unequivocally demonstrated from a
mouse model that maternal and paternal contribu-

tions to the zygote are not equivalent, and impor-
tantly, there is an absolute requirement for a genetic
contribution from both sexes in order for develop-
ment to proceed normally (3). The prevailing
hypothesis to explain such conservation is the
“parental conflict hypothesis” (4, 5) which proposes
that the purpose of the imprinting is to assure appro-
priate allocation of maternal resources to each
conceptus. The model postulates that paternally
expressed imprinted genes promote growth of the
offspring, either in utero or in the perinatal period,
while imprinted genes with the opposite direction of
imprinting have the opposite effect (6).
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~10% of all pregnancies in the US, it is associated
with major postnatal morbidity and mortality in
the newborn period and it has been associated
with abnormalities in fetal growth that have been
linked with developmental origins of many adult
disorders, such as obesity and breast cancer.
Some developmental syndromes have been more-
over associated with known imprinted genes
often seen in IUGR pregnancies that may there-
fore themself be associated with genomic
imprinting dysregulation. Materials and Methods.
We developed a functional and highly sensitive
assay at the RNA level for measuring LOI. We
also analyzed imprinted gene expression in
normal and IUGR placentas by real-time PCR.
Results. We showed that LOI is a common
phenomenon in placenta that preferentially
affects specific imprinted genes in IUGR
compared to control placentas; however, this does
not correlate with changes in expression of genes
with a perturbed imprinting profile. Conclusions.
Genomic imprinting dysregulation plays a role in
the etiology of IUGR. Eur. J. Oncol., 14 (3), 161-
169, 2009

Key words: Loss Of Imprinting (LOI), Intra-
Uterine Growth Restriction (IUGR), human
placenta, gene expression, quantitative Allele-
Specific PCR (qASPCR)

cancro. Negli Stati Uniti circa il 10% delle gravi-
danze sono IUGR; questa sindrome è responsa-
bile della maggior parte della morbidità e morta-
lità postanatale ed è stata associata ad anomalie
della crescita fetale a loro volta connesse a disor-
dini in età adulta, come obesità e carcinoma
mammario. Alcune sindromi legate allo sviluppo
sono state inoltre associate a geni con imprinting
genico in gravidanze IUGR,  suggerendo una
correlazione tra IUGR e deregolazioni dell’im-
printing genico. Materiali e Metodi. Un saggio
funzionale altamente sensibile per la misurazione
del LOI è stato appositamente sviluppato a livello
del RNA. Il profilo di espressione dei geni con
imprinting genico è stato inoltre analizzato in
placente normali e con IUGR attraverso real-
time PCR. Risultati. Questo studio ha dimostrato
che il LOI è un fenomeno comune nella placenta
che, in gravidanze IUGR, colpisce specificamente
alcuni geni; tuttavia questo fenomeno non è
direttamente correlato a specifiche variazioni
dell’espressione genica negli stessi campioni.
Conclusioni. Modificazioni dell’imprinting
genico contribuiscono all’eziologia dell’IUGR.
Eur. J. Oncol., 14 (3), 161-169, 2009

Parole chiave: perdita dell’impriting genico, re-
strizione intrauterine della crescita, placenta
umana, espressione genica, PCR quantitativa al-
lele-specifica
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Compared to other mammalian genomes, like that
of the mouse, the human genome is imprinted to a
much lesser extent, possibly due to lack of competi-
tion for maternal resources because human pregnan-
cies are typically singletons (7). In humans, the esti-
mated number of imprinted genes is around 1% of
the genome, or ~200 genes (8, 9). While genomic
imprinting is tissue specific, most imprinted genes
are expressed in extraembryonic tissues, such as the
placenta (10).

Imprinted genes cluster together to share common
regulatory elements that rely on the correct and
timely placement of epigenetic signals across
specific genomic areas. Such signals are represented
by: DNA methylation, histone modification and
RNA silencing (11, 12).

The genomic areas that overlook the imprinting
status of a given cluster are known as imprinting
control regions (ICRs). ICRs contain areas showing
an allele-specific methylation profile embedded in
consensus sequences that often display signaling
repeats for the binding of regulatory proteins.
Consistently, the reactivation of the silent allele,
known as Loss Of Imprinting (LOI), has mostly been
assessed by measuring loss of DNA methylation (13-
15), however there is evidence that maintenance of
imprinting not only depends on methylation but also
on histone modification (12, 16). For example, there
is imprinting maintenance in the absence of DNA
methylation for several genes in the mouse Kcnq1
domain (17) suggesting that certain imprinted genes
may be exclusively controlled by histone modifica-
tion. However the two phenomena are more often
thought to work together as demonstrated by a recent
study on mice sperm cells that showed allele-
specific patterns of histone modification overlapping
the allele-specific DNA methylation profile in some
ICRs of imprinted genes (18). Much less is instead
known about the RNA silencing mode of action.
Non-coding RNAs (ncRNAs) like Air and Kcnq1ot1
have been described as essential for the maintenance
of the imprinting status of specific ICRs, while other
studies reported an unusually high ncRNA transcrip-
tion rate at imprinted loci reportedly associated with
allele-specific expression which is being studied for
its role in the imprinting signals’ setting (19).

DNA methylation and histone modification
signals are established during fetal development

with a carefully planned schedule of events. The
DNA methylation profile undergoes a reprogram-
ming phase that takes place during the early phases
of embryonic development. Epigenetic reprogram-
ming acts bimodally during preimplantation
affecting differentially the embryo and the primor-
dial phase of gametogenesis (20). During preimplan-
tation, the embryo undergoes a genome-wide
demethylation. Both parental genomes are remethy-
lated around the time of implantation. Concomi-
tantly methylated imprinted genes are protected
from the de-/re-methylation wave. Later in fetal
development a subset of cells are selected to become
primordial germ cells (PGCs). These cells undergo
to a second de-/re-methylation wave, this time
targeted to imprinted domains, erasing the parental
contribution in PGCs. Imprinting marks are then
replaced with new signals consistent with the sex of
the developing embryo.

Histone programming relies instead on an asym-
metric chromatin remodeling that is required for the
completion of fertilization. At fertilization the oocyte
chromatin is organized in complexes with histones,
while sperm chromatin carries protamines resulting
in an asymmetric distribution of chromatin in the
fertilized oocyte. Exchange of nucleoprotamine for
nucleohistone occurs during the first hour after
fertilization concurrently with the beginning of the
first DNA de-/re-methylation wave involving
specific histone methyltransferases that later also
contribute to the placement of imprinting signals
(21).

This sequence of events highlights the epigenetic
differences between maternal and paternal chromo-
somes arising during the zygote programming that
may well remain throughout the preimplantation
period of development and influence the proper
genomic imprinting programming. This unique
setting clearly defines a window of vulnerability
particularly during the early phases of the fetal
development that extends into the later phases,
exerting a trans-generational effect by perturbing the
PCGs.

Drawing from experiments in mice, a first classi-
fication has been attempted that groups imprinted
genes into three categories based on their activity in
placental/embryonic development and fetal
programming (22): 1) imprinted genes exclusively
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expressed in placenta that act in the allocation of
maternal resources to the fetus; 2) imprinted genes
that act on metabolism in the early postnatal period;
and 3) an imprinted gene network expressed both in
placenta and embryo that act prenatally setting the
metabolism of developing metabolic organs such as
the pancreas, muscle, fat cells and the hypothal-
amus.

IUGR is a clinical term used to describe a fetus
that has not reached its growth potential. Infants,
who are the smallest ones are at substantially
increased risk of neonatal and infant mortality (23-
25). The implanted embryo, called the blastocyst, is
comprised of an inner cell mass that develops into
the fetus, and an outer cell layer, the trophoblast, that
develops into the placenta. Placentation, occurring
between gestation weeks 6 and 18, refers to invasion
of the maternal circulatory system by the outer
trophoblast cell layer of the implanted blastocyst.
Abnormal or insufficient placentation has been
implicated in the pathogenesis of IUGR (26, 27).

IUGR accounts for ~10% of all pregnancies in the
US.  Birthweights in the range of 1,500 grams have
neonatal mortality risks 50-100 times greater than
infants of optimal birthweight. The greatest risk of
perinatal morbidity and mortality occurs among
growth restricted fetuses/infants with weights below
the 3rd percentile for gestational age (28, 29). Addi-
tionally IUGR has been found to predispose the
infant to the development of hypertension, hyperlipi-
demia, coronary heart disease, and diabetes mellitus
in adulthood (Barker Hypothesis) (30, 31).

Well known risk factors for IUGR include external
factors affecting the intrauterine environment such
as maternal nutrition (28, 32), abnormal placental
implantation into the uterus (27), poor oxygenation
of the uterus and placenta, or exposure to exogenous
chemicals (33). This may result in classic vascular
lesions of the placenta leading to uteroplacental
insufficiency and IUGR. These changes in the
placenta are likely mediated by epigenetic factors
(e.g. LOI), rather than genetic.

Several exogenous chemicals with estrogenic
power, highly prevalent in the US population (34),
can act in utero or interfere with hormone synthesis
as shown in animals (35). Detected both in the amni-
otic fluid and in umbilical cord blood (36-38), they
have been shown to cause reproductive effects up to

the 4th generation in experimental animals (35). This
extraordinary phenotype penetrance strongly
suggests that the likely mechanism of action
involves epigenetic rather than genetic phenomena.
The ability of an external agent to induce transgen-
erational effects requires a stable chromosomal alter-
ation or an epigenetic phenomenon in the germline
including imprinting (39).

The rôle of genomic imprinting in IUGR however,
has been implicated but not systematically studied.
In a recent study by Guo et al. (40), perturbations in
H19 expression and methylation in placenta were
associated with IUGR; there was a significant corre-
lation between the relative expression level of IGF2
in placenta and birthweight percentile (but not gesta-
tional age) with a significant down-regulation of
IGF2 in IUGR placentas in comparison to controls.
These data suggest that down-regulation of the
imprinted IGF2 gene in placenta likely plays a role
in the development of IUGR.

Genomic imprinting has been more directly linked
to many human diseases with parent-of-origin
effects, which includes Angelman, Prader-Willi and
Rett syndromes, and expression phenotypes of such
diseases as Huntington’s disease and cystic fibrosis
(41-43). Recently, there has been compelling
evidence also linking genomic imprinting to autism
spectrum disorder (44).

This background of scientific knowledge
prompted us to start a research line intended to study
the LOI profiles in IUGR compared to appropriate-
for-gestational age (AGA) and otherwise clinically
normal placentas. Here we summarize the work
accomplished in elaborating a highly sensitive
methodology for measuring LOI that takes into
account all epigenetic mechanisms by working at the
RNA level, the final product of the fine tuning oper-
ated by genomic imprinting. We also report the first
results obtained while exploring the significance of
LOI as method for controlling the gene expression of
the imprinted genes expressed in placenta.

Materials and Methods

Details on materials and methods have been previ-
ously published (45, 46). Here following be briefly
summarize the approach.
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Placenta collection

Normal AGA and IUGR placentas were collected
from the Labor and Delivery Unit of the Department
of Obstetrics, Gynecology and Reproductive
Sciences at the Mount Sinai Medical Center. AGA
placentas were retrieved from pregnancies delivered
at ≥37 weeks with fetal weight estimated by ultra-
sound >10th percentile with no IUGR evidences.
Severe IUGR placentas were collected with fetal
weight that <5th percentile for gestational age, with
either absent end-diastolic flow or reversed end-
diastolic flow of the umbilical artery.

Placentas were sterilely collected immediately
after being cleared by the post-partum morphological
analysis. The organ was biopsied and biopsies free of
maternal decidua were washed with PBS dried with
sterile gauze, placed in tubes, frozen in liquid
nitrogen and stored at -80°C. A control experiment
was run to determine possible differences in LOI
and/or gene expression between different areas of the
sampled placentas. To carry out this experiment,
smaller biopsies were retrieved, 1 for each placenta
quadrant, and consistently treated. The study was
approved by the Institutional Review Board of the
Mount Sinai School of Medicine (New York, NY).

Nucleic acid extraction and cDNA synthesis

DNA and RNA were extracted from placental
tissue for the planned analyses. In order to carry the
gene expression and LOI tests out, total RNA
extracted was converted into cDNA.

LOI measurements

LOI profiling was run on a set of 14 imprinted
genes of which 7 were paternally expressed/mater-
nally imprinted (IGF2, MEST, PEG3, PEG10,
PLAGL1, DLK1, SNRPN), 5 maternally expressed/
paternally imprinted (MEG3, H19, TP73, PHLDA2,
SLC22A18) and 2 of yet unknown parent of origin
(EPS15, CD44).

Quantitative RT-PCR

Gene expression was conducted by designing
gene specific primers that were used for amplifying

cDNA samples. The assays were run in a quantita-
tive PCR (qPCR) setting using a LightCycler480™
(Roche). All assays were run in triplicate under
previously optimized PCR conditions.

Statistical analysis

Statistics were conducted using the software SPSS
16.0 (SPSS Inc., Chicago, IL). We use the t-test to
analyze gene expression differences between the
AGA and IUGR placentas. We also applied the non-
parametric Wilcoxon Signed-Rank test to assess
differences in gene expression levels between
different placenta quadrants.

Results

Developing a sensitive and functional assay for
measuring LOI

We have previously shown that quantitative
Allele-Specific PCR (qASPCR) was able to accu-
rately determine allele frequencies in pooled DNA
samples (47). Based on similar technology, we devel-
oped a sensitive and functional assay for measuring
allelic imbalance of imprinted genes, i.e. LOI, at the
RNA level (45). This RNA-based assay can achieve
the sensitivity of 1% LOI. Briefly, a common readout
polymorphism residing in the transcript of the
studied gene is selected. After RT-PCR to amplify the
sequence containing the readout polymorphism,
qASPCR is applied to measure the relative abun-
dance of the two heterozygous alleles that allows
quantification of LOI. In individuals heterozygous
for this readout polymorphism, LOI is a measure-
ment of the presence of the supposedly silenced
allele. We have set up LOI assays for 14 suitable
imprinted genes (i.e. presence of a readout SNP with
minimun allele frequency >20%) expressed in
placentas; 7 are paternally expressed, 5 maternally
expressed, and 2 of yet unknown parent-of-origin
(See Materials and Methods – LOI measurement).

LOI in human placentas

We have applied our newly developed LOI
method mentioned above to 36 placenta samples that
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we have collected from various sources. Among
them, 14 were from uncomplicated AGA pregnan-
cies and 22 from IUGR (<5th percentile). Within the
set of 14 imprinted genes, there were 149 heterozy-
gosities in the 36 placentas; 40 of them (~27%)
showed LOI > 3%, indicating that LOI is a common
phenomenon in human placenta. The cutoff level of
3% LOI (compared the sensitivity of 1% of the
assay) was chosen because it is comparable to the
latest studies indicating that common environmental
changes (such as dietary changes) resulted in varia-
tions in the epigenome at the level of 4–5% (48).

When we examine the LOI profile by the clinical
phenotype of the placentas, a distinct pattern of LOI
emerges. The 14 tested genes can be classified into 3
groups. The group 1 contains genes CD44, EPS15,
MEG3, PHLDA2 and PEG10, which are rarely
perturbed in placentas regardless of the phenotype;
group 2 genes contain IGF2, TP73, MEST, PEG3
and SLC22A18, which showed widespread LOI
across phenotypes; and lastly the group 3 genes, i.e.
PLAGL1, DLK1, H19 and SNRPN, uniquely demon-
strated LOI only in IUGR placentas. A similar LOI
profile on group 3 genes was found in a limited
number of preeclampsia samples analyzed (data not
shown) in agreement with the notion of shared
etiology for IUGR and preeclampsia. We acknowl-
edge that these data are preliminary and the small
samples size prevents meaningful statistical
analyses. Nevertheless, a specific LOI pattern in
IUGR placentas is clearly distinguishable from the
AGA placentas.

One additional important consideration for a
quantitative LOI assay is the extent of maternal cont-
amination of placental tissue which is of fetal origin.
This consideration has been largely neglected in
previous studies of LOI or RNA-based studies. The
major source of maternal contamination comes from
maternal lymphocytes since the placenta is perfused
with maternal circulation. We have conducted pilot
studies to examine the contribution of maternal
DNA/RNA in fetal DNA/RNA that was isolated
from placentas. For a given tested gene, we chose a
case that was homozygous in the placental DNA but
heterozygous in the corresponding maternal blood.
Maternal contamination can then be evaluated by the
presence of the heterozygous allele. We tested three
genes, GNAS1, TXK and OSBPL5, each on two

different placentas. We found that the level of
maternal contamination was <0.1%.

Differential expression of imprinted genes in normal
and IUGR placentas

We recently published our results of a pilot study
directed to examine the expression profile of
imprinted genes in AGA and IUGR placentas (46).
We selected 74 genes from those experimentally
shown to be imprinted and verified their placenta-
specific gene expression in the Unigene/NCBI data-
base. We tested the expression levels of these genes
using quantitative RT-PCR in 10 AGA and 7 clini-
cally confirmed IUGR (<5th percentile) placentas
chosen among those providing with enough tissue to
run the test. The amount of starting template was
normalized against 18S rRNA; the housekeeping
gene ACTB was used as reference to compare
expression levels of imprinted genes. For each gene,
we concomitantly tested AGA and IUGR placenta
samples in the same RT-PCR plate to minimize intra-
plate variation.

Of the 74 genes tested, 22 were not expressed in
placental tissues. Comparative expression levels
between AGA and IUGR placentas for the remaining
52 genes allowed for several key observations from
this experiment: 1) all imprinted genes are expressed
at modest or low level compared to the house-
keeping gene ACTB; 2) for the 52 imprinted genes
that are expressed in placentas cycle threshold (Ct)
values across these genes ranged between 21 and 34
cycles, corresponding to ~8,000 fold difference in
expression levels; 3) inter-person variations of
imprinted genes are small, with mean standard devi-
ation <20%, suggesting these genes are tightly regu-
lated; and 4) there are 9 genes that have significantly
different expression levels between AGA and IUGR
placentas; 5 of them are up-regulated (PHLDA2,
ILK2, NNAT, CCDC86 and PEG10) and 4 are down-
regulated (PLAGL1, DHCR24, ZNF331 and
CDKAL1). In summary, our results indicate that
~70% of imprinted genes are expressed in placentas;
imprinted genes are tightly regulated; and 17% of
placentally imprinted genes are differentially
expressed in normal vs IUGR placentas.

It is important to notice that in running this
analysis we concomitantly investigated the potential
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bias brought about by changes in gene expression
levels with the sampling area of the placenta (49).
We found that there were no significant expression
differences with respect to the placenta sampling
site.

Discussion

Herein we summarized our work in exploring the
role that LOI plays in the development of IUGR. We
started out by developing a new comprehensive,
highly sensitive and functional assay for measuring
LOI at the RNA level using RNA expression of each
allele of an imprinted gene set in placental tissue.
This method is able to account for all epigenetic
mechanisms that act on regulating the gene expres-
sion of the imprinted genes tested. The assay repre-
sents an innovative approach if compared to the
current methods for measuring LOI that only rely on
the determination of DNA methylation patterns of
paternal and maternal alleles (35). DNA methylation
in fact represents only one of the processes involved
in imprinting regulation and it is not necessarily
correlating directly with the overall imprinting status
of a specific gene (7, 50).

Limitations of the use of readout polymorphisms
in heterozygotes are twofold: 1) not all genes contain
suitable readout polymorphisms; 2) we can deter-
mine LOI for a given imprinted gene at best 50% of
the time for a given sample. However the advantage
of using functional polymorphisms outweighs the
disadvantages because: 1) the inclusion of genes
measurable by our functional assay and not by
methylation analysis can balance out the genes lost
to analysis by the absence of readout polymor-
phisms; 2) we can use the LOI data to develop a
functional genomic markers.

Secondly we measured genomic imprinting in
AGA and IUGR samples and, for the first time, we
were able to describe a possible baseline LOI profile
and its modification in growth restricted placentas.
The absence of detectable LOI in genes of group 1
(CD44, EPS15, MEG3, PHLDA2, PEG10) could be
interpreted as a highly conserved signal: the mainte-
nance of the allele-specific expression status for
these genes could be somehow critical. Group 2
genes (IGF2, TP73, MEST, PEG3, SLC22A18)

could instead represent genes that, as the human
genome gets less imprinted, are under a lower selec-
tive pressure for maintaining their genomic
imprinting status unaltered. Group 3 genes
(PLAGL1, DLK1, H19, SNRPN) are possibly group
1 genes that, if perturbed on their genomic
imprinting status, can contribute to the IUGR
etiology.

This interpretation of the LOI profile obtained is
however very preliminary because of the limited
number of samples available that does not allow for
the data reaching a significant threshold. Also, in
constructing the LOI profile presented, we treated
measurements as independent while some samples
were more informative than others because they had
more measurable heterozygous polymorphisms than
others. This condition could introduce a bias related
to the specific characteristics of each sample
analyzed.

Finally we tested the possible correlation between
LOI and gene expression. Based on the “parental
conflict hypothesis”, paternally expressed (mater-
nally imprinted) genes should show up as down-
regulated in IUGR. Of the four down-regulated
genes detected, PLAGL1, DHCR24, ZNF331 and
CDKAL1, two (PLAGL1 and ZNF331) had known
imprinting origin and both are paternal expressed
genes. However, among the up-regulated genes,
where only maternally expressed (paternally
imprinted) genes were expected, two (NNAT and
PEG10) are paternally expressed. These results indi-
cate that not all imprinted genes fit into the “parental
conflict hypothesis”.

Nevertheless, our results are largely consistent
with published results. We compared our results with
that of McMinn et al. (51) in which 27 imprinted
genes were analyzed in IUGR and non-IUGR
placentas. Both studies observed a significant up-
regulation of the maternally expressed PHLDA2 in
IUGR placentas and down-regulation of paternally
expressed PLAGL1. Both studies also showed indi-
cation of down-regulation of the paternally
expressed IGF2. In addition, 17% (9 out of 52)
imprinted genes in placenta appear to be differen-
tially expressed in our pilot study, which is similar to
22% (6 out 27) reported by McMinn et al. (51).

It is noticeable that LOI and imprinted gene
expression perturbation are largely uncorrelated. For
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example, while the frequent LOI of SNRPN in IUGR
placentas corresponds to an increased expression of
the gene, PHLDA2 showed significant up-regulation
in IUGR placentas without significant LOI of the
gene. In the meantime, the expression of IGF2 was
up-regulated in IUGR placentas but the LOI was
observed in normal placentas. These results suggest
that the role of LOI in gene expression regulation
could be mediated by other regulatory mechanisms
not yet discovered.

Our analysis was mainly limited by the small
sample size even though the mean standard devia-
tion of 1.8 of the mean expression levels across 52
genes was really consistent allowing for the detec-
tion of differential expression level greater than
2.9% assuming 80% power and type I error of 5%.

These preliminary results strongly support the
critical role of genomic imprinting in the etiology of
IUGR.
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