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Abstract
Loss of imprinting (LOI) is the gain of expression from the silent allele of an imprinted gene normally
expressed from only one parental copy. LOI has been associated with neurodevelopmental disorders
and reproductive abnormalities. The mechanisms of imprinting are varied, with DNA methylation
representing only one. We have developed a functional transcriptional assay for LOI that is not limited
to a single mechanism of imprinting. The method employs allele-specific PCR analysis of RT-PCR
products containing common readout polymorphisms. With this method, we are able to measure LOI
at the sensitivity of 1%. The method has been applied to measurement of LOI in human placentas.
We found that RNA was stable in placentas stored for more than one hour at 4°C following delivery.
We analyzed a test panel of 26 genes known to be imprinted in the human genome. We found that
18 genes were expressed in placenta. Fourteen of the 18 expressed genes contained common readout
polymorphisms in the transcripts with a minor allele frequency >20%. We found that 5 of the 14
genes were not imprinted in placenta. Using the remaining nine genes, we examined 93
heterozygosities in 27 samples. The range of LOI was 0%–96%. Among the 93 heterozygosities, we
found 23 examples (25%) had LOI >3% and eight examples (9%) had LOI 1–3%. Our results indicate
that LOI is common in human placentas. Because LOI in placenta is common, it may be an important
new biomarker for influences on prenatal epigenetics.
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Introduction
Genomic imprinting refers to silencing of one parental allele in the zygotes of gametes leading
to monoallelic expression of these genes in the offspring. This process results in a reversible
parent (or gamete)-of-origin specific marking of the genome.1,2 The prevailing hypothesis on
the evolution of genomic imprinting is the “tug of war” theory.3 In this theory, expression of
paternal alleles would promote placental growth to enhance the reproductive success of the
paternal lineage while the maternally expressed alleles would counter-balance the paternal
genes to avoid depletion of nutritional resources. To date, about 60 genes have been shown to
be imprinted in humans, two thirds of which are paternally expressed (maternally imprinted)
and one third maternally expressed (paternally imprinted).4 A recent report using an in silico
approach identified an additional ~150 potentially imprinted genes in the human genome.5
Perturbations of monoallelic expression, i.e., loss of imprinting (LOI), result in gain of
expression from the silenced allele. In this manuscript, we present LOI values based on
complete silencing of the imprinted allele. For some genes, the silenced allele will exhibit
“leaky expression”6 which may depend on gestational age.7 Pathological LOI levels have been
linked to a wide range of human diseases including reproductive abnormalities,8–10

neurodevelopmental disorders, and cancer.11,12

The conventional quantitative method for measuring LOI targets loss of DNA methylation
using bisulfite treatment followed by quantitative PCR to determine the relative abundance of
methylated and unmethylated alleles.13,14 One limitation of this assay lies in the fact that other
epigenetic mechanisms regulating imprinting, such as histone methylation or acetylation, are
not accounted for. Another limitation is that this method measures LOI as deviation from 50:50
in the C:T content at the site of the imprinting methylation, limiting the sensitivity of the assay.

Herein, we describe a highly sensitive and functional assay for measuring LOI using
quantitative allele-specific PCR (qASPCR) on reverse transcriptase-PCR (RT-PCR) products
containing a readout polymorphism (Fig. 1). This mRNA-based assay is independent of the
mechanism of imprinting, making it more biologically relevant. The testing of the differential
allelic mRNA expression requires a reporter marker such as a readout single nucleotide
polymorphism (SNP) that can return a measure of the level of activation of the silenced allele.
In such a system, the relative expression can be evaluated only when the marker SNP is
heterozygous, thus allowing the identification of the product of each allele. The success of the
LOI assay depends on the ability to accurately measure allele frequency in a mixed population.
In our previous work, we have demonstrated that allele-specific PCR was robust for
determining allele frequencies in pooled DNA samples.15 With this method, we are able to
measure LOI with the sensitivity of ~1%. As with other epigenetic processes, genomic
imprinting is tissue specific16 and thus should be studied in the context of the target tissues.
Because of our research interest in diseases of placentation (e.g., pre-eclampsia/eclampsia,
intra-uterine growth restriction, gestational diabetes), we developed the LOI assay using the
human placenta as a model system. The method described here could easily be adapted to other
tissue types.

Results
There are two main databases listing 64 imprinted genes in humans.17,18 Placental expression
was first evaluated by searching the Unigene/NCBI tissue-specific gene expression
database19 and the available literature,20,21 and was then verified experimentally. Of the 26
genes we have examined, 18 were found to be expressed in human placenta (Suppl. Table 3).
Fourteen of the 18 expressed genes contained common readout SNPs in the transcripts with a
minor allele frequency >20%. We found that 5 of the 14 genes were not imprinted in placenta
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(GNAS1, ATP10A, OSBPL5, PPP1R9A, KCNQ1), although they may be imprinted in other
issues.

RNA stability
Because our functional LOI measurements are carried out on mRNA transcripts, we first
measured the stability of placental RNA to eliminate differential RNA degradation as a
variable. The placental collection system that we elaborated is intended to reduce to the
minimum the time between placental availability and tissue freezing in liquid nitrogen. We
found that the time between the delivery of the placenta and storage at 4°C and freezing in
liquid nitrogen normally averages ~30 minutes. We found no significant total or differential
RNA degradation out to 45 minutes additional storage at 4°C in saline (Table 2A).

Loss of imprinting
Using the nine imprinted genes with common readout SNPs (Table 1), we examined 93
heterozygosities in 27 placentas. Twelve of the placentas in the study population were from
normal deliveries, and 15 were associated with placental abnormalities: two intrauterine
infection (IUI), three preterm, three preeclampsia and seven intrauterine growth restriction
(IUGR). LOI was determined by qASPCR using SNP-containing RT-PCR amplicons as
templates and calculated assuming complete silencing of the imprinted allele. A summary of
the analyses is presented in Table 3. Sixty-two of 93 heterozygosities showed LOI <1%,
demonstrating the power of the technique. All of the nine genes were represented in this fully
imprinted class, showing that “leaky expression” did not affect the determination of LOI for
the genes selected for this study. Surprisingly, 23 of 93 heterozygosities showed LOI greater
than 3%, all of which are significantly different from the fully imprinted values, demonstrating
that LOI is a common phenomenon in human placenta. Observed LOI values were independent
of the level of expression (p < 0.001). Figure 3A, a plot of all the LOI values as the number of
heterozygosities exceeding a particular LOI, shows no bias toward any particular LOI value.
Panel B shows the 23 samples with LOI greater than 3% classified by placental pathology and
level of LOI.

Maternal contamination
One possible confounder in LOI measurements is contamination of placental RNA with RNA
from maternal lymphocytes, since the placenta is perfused by maternal blood. We determined
the fraction of cells of maternal origin by examining genomic DNA in placentas homozygous
for a gene with a readout polymorphism where the mother was heterozygous. Three examples
are analyzed in Table 2B, each on different placentas. For GNAS1 and TXK, the level of
maternal contamination was <0.1%. The allelic discrimination with Taq DNA polymerase was
insufficient for OSBPL5, requiring the use of the more discriminating DNA polymerase ΔZO5,
where we observed ΔCt = 6.99 for P3, or <1% maternal contamination. For OSBPL5 the level
of maternal contamination was <1%. We also measured the fraction of RNA of maternal origin.
For all three RNA measurements, the level of maternal contamination was <0.1%.

Discussion
Current methods for measuring LOI rely on determination of DNA methylation patterns of
paternal and maternal alleles,22 carried out in the promoter region of imprinted genes. These
assays measure LOI as a deviation from 50:50 in the C:T content at the site of the imprinting
methylation, often limiting the sensitivity of the assay. Another limitation to methylation
analysis is the fact that it does not directly measure gene expression. As DNA methylation
represents only one of the processes involved in imprinting regulation, it is not necessarily
correlating directly with the overall imprinting profile of a specific gene or the phenotypic
expression of the gene. Accumulating evidence demonstrate the lack of correlation between
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DNA methylation and monoallelic silencing of the imprinted gene.23,24 In this work, we
introduced a new comprehensive, highly sensitive and functional assay for measuring LOI
using mRNA expression of each allele of an imprinted gene set in placental tissue.

All assays on placentas are subject to the complication of maternal contamination. Our
examination of this limitation indicated that maternal contamination was not a problem within
the quantitative limits of the assay (<1% LOI). The use of readout polymorphisms in
heterozygotes places two unique limitations on our method. First, not all genes contain common
readout polymorphisms. Secondly, we can determine LOI for a given imprinted gene at best
50% of the time for a given sample. We suggest that the advantage of using functional
polymorphisms outweighs these disadvantages. First, inclusion of genes measurable by our
functional assay, but not measurable by methylation analysis can balance out the genes lost to
analysis by the absence of readout polymorphisms. Secondly, we can use the LOI data to
identify functional genomic markers that correlate with LOI, such as known imprinting control
regions associated with some imprinted genes, in those instances where genomic markers exist
for a particular gene.

We found a wide range of LOI in human placenta (0–96%). We found that ~25%
heterozygosities showed LOI >3%, with examples of all 9 genes tested both being completely
imprinted and exhibiting significant LOI. We have demonstrated that we can detect LOI down
to levels of less than 1%, a significant improvement on standard techniques. The observed lack
of dependence of LOI on expression level precludes any contribution of allele dropout to the
LOI measurements. These results indicate LOI is a common phenomenon in human placentas.
We presented a preliminary analysis of LOI for different placental pathologies in Figure 3B.
We chose to study LOI in placenta because most of the imprinted genes are involved in
placental and fetal development.25 Because of the small numbers of genes and individuals
comprising the 93 heterozygosities, these data are too preliminary to demonstrate clinical
significance. Although the functional assay presented here is proof-of-principle by nature, it
has the potential to assemble a large dataset of LOI as well as be implemented in larger
epidemiologic studies. Future work will be directed toward improving our assay in two aspects.
Firstly, we will enlarge the gene set to include all imprinted genes with common readout
polymorphisms. Thus, we would be able to assay a significant number of genes from each
placenta. Secondly, we will enlarge the population, with emphasis on placentas from normal
deliveries, preeclampsia cases and IUGR cases.

Materials and Methods
Study population

Fresh discard placental tissues from normal deliveries were collected from the on-campus
obstetrical practices of the Department of Obstetrics, Gynecology and Reproductive Medicine
—Mount Sinai Medical Center (New York, NY). The study protocol was approved by the
Institutional Review Board of Mount Sinai Medical Center. Maternal blood was collected for
three samples by aspiration from the exterior of the outer placental layer. Deidentified placental
tissues and processed samples from Yale Medical School (New Haven, CT) were retrieved
from banked specimens collected as a part of an ongoing IRB-approved research protocol to
study adverse outcomes of pregnancy. These adverse outcomes included IUGR (intrauterine
growth restriction), preeclampsia (PE), and intrauterine infection (IUI).

These pregnancies had been identified prospectively for inclusion in the study in the immediate
intrapartum period. Control placentas were obtained from pregnancies with appropriate-for-
gestational-age (AGA) fetuses delivered at ≥37 weeks and ultrasound estimated fetal weight
(EFW) >10th percentile with no other evidence suggestive of IUGR, such as unexplained
oligohydramnios or prematurely calcified placentas from pregnancies with no known medical
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conditions. IUGR placentas were obtained from pregnancies known to be severely growth-
restricted. Severe IUGR was defined by ultrasound EFW that was less than 3rd percentile for
estimated gestational age (EGA), with either absent end-diastolic flow (AEDF) or reversed
end-diastolic flow (REDF) of the umbilical artery, and/or with or without oligohydramnios.
PE was defined as a maternal blood pressure >140 mmHg systolic or >90 diastolic in women
who were normotensive prior to 20 weeks of gestation associated with new-onset proteinuria
(urinary protein >300 mg in 24 hours). These are well-established criteria for IUGR and PE.
26,27 The placentas identified as having IUI were defined by having at least two or more of the
following criteria in labor: (1) maternal temperature >100.4°F; (2) maternal tachycardia >100
beats per minute; (3) fetal tachycardia >160 beats per minute; or uterine tenderness. Placental
pathology for the IUI cases was confirmed on clinical histological examination to be consistent
with the diagnosis of acute chorioamnionitis. All pregnancies identified for inclusion in the
original study were singleton and without major congenital fetal anomalies. Known multiple
gestations and karyotypically abnormal fetuses were excluded. EGA at delivery were assigned
by the patient’s last menstrual period and/or ultrasound confirmation prior to 20 weeks of
gestation. Umbilical cord Doppler examinations were performed using pulsed Doppler at the
placental insertion site, as previously described.28 Doppler wave forms on the suspected IUGR
fetuses were classified as AEDF, REDF, and diastolic flow present. The placentas at both sites
were collected sterilely following delivery of the neonate, and transferred to the laboratory for
tissue collection. Biopsies free of maternal decidua and measuring >5 cm3 were removed from
the placenta midway from the cord to the edge, washed extensively with sterile PBS to remove
as much blood as possible, blotted with sterile gauze, and placed in sterile containers of liquid
nitrogen until the tissue blanched and the liquid nitrogen evaporated. The placenta samples
were aliquoted into 2 ml cryogenic storage tubes and stored at −80°C for future use. The
experimental protocol for preparation of samples for analysis is depicted in Figure 2.

Nucleic acid extraction
DNA from blood was extracted using the High Pure PCR Template Preparation Kit (Roche
Applied Science) according to manufacturer’s instructions. Frozen placenta tissues were
pulverized to powder on dry ice. DNA from placentas was extracted using the QIAamp® DNA
Mini Kit (Qiagen-Valencia, CA, USA) according to the manufacturer’s instructions. DNA was
stored at −20°C.

RNA was extracted in three steps
Tissue powder was first thawed in lysis buffer, and homogenized using the QIAShredder Kit
(Qiagen) according to manufacturer’s instructions. Secondly, RNA was extracted using the
RNeasy® Mini Kit (Qiagen) according to manufacturer’s instructions. Finally, to assure high
purity, two on-column DNA digestions were performed with DNase I (Qiagen) according to
manufacturer’s instructions. Isolated RNA was kept in RNase-free water at −70°C.

cDNA synthesis
Single stranded cDNA was replicated from total RNA using random primers in the
AffinityScript™ Multiple Temperature cDNA Synthesis Kit (Stratagene-La Jolla, CA, USA)
according to the manufacturer’s instructions, selecting 50°C for the second incubation step.
The cDNA was cleaned with a PCR purification kit (Qiagen). For each reaction, 30 µl of cDNA
at ~20 ng/µl was stored in DEPC water at −20°C.

Imprinted genes and readout SNPs
A total of six paternally- and three maternally-expressed genes were selected for assay
development (Table 1). These genes were selected because (1) they are expressed in human
placenta; (2) they are known to be imprinted in human placenta; and (3) there exists a suitable
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readout single nucleotide polymorphism in their transcripts. The criteria for selecting readout
SNPs include: (1) being synonymous coding SNPs or residing in 3' or 5' untranslated regions
of the mRNA; (2) minor allele frequency greater than 20%, which corresponds to a 32%
heterozygosity based on Hardy-Weinberg Equilibrium.

PCR amplicons containing readout polymorphisms
cDNAs were amplified with gene-specific primers bracketing the readout polymorphism. The
primers are listed in Supplementary Table 1. Reaction mix was prepared as follows: Buffer
(50 mM TrisOH + HCl, pH 7.5; 50 mM KOAc; 2% glycerol, 0.1 mg/ml BSA); 4 mM Mg
(OAc)2; 0.2 mM each dNTPs (dUTP replacing dTTP); 0.2 mM primers; 0.25 x SYBR Green
(Invitrogen); 5 U/µl AmpliTaq Gold (Applied Biosystems); 20 ng single stranded cDNA
template; final volume 20 µl. Cycling conditions were: 95.0°C for 10 min, followed by 15
cycles of 95.0°C for 30 sec, 65.0°C for 30 sec and 72.0°C for 30 sec.

qASPCR
Allele-specific primers are listed in Supplementary Table 2. These primers were optimized for
allelic discrimination using AmpliTaq Gold™ on DNA. PCR amplicons from heterozygous
placental samples for the selected readout SNPs were diluted 103–107-fold based on the
abundance of the mRNA and amplified on the LightCycler480™ (Roche) in the reaction
containing: Buffer as above; 4 mM Mg(OAc)2; 0.2 mM each dNTPs (dUTP replacing dTTP);
0.2 mM primers; 0.25 x SYBR Green (Invitrogen); 5 U/µl AmpliTaq Gold; diluted double
stranded DNA template (see text); final volume 20 µl. Cycling conditions were: 95.0°C for 10
min, followed by 40 cycles of 95.0°C for 30 sec, 65.0°C for 30 sec and 72.0°C for 30 sec.

LOI quantification
We consider the following: (1) LOI is a measurement of expression of the silenced allele; and
(2) this measurement is directly related to the allele frequency (f) for the silenced allele15 as:

The LOI can be calculated as:

where the |ΔCt| refers to the absolute difference between the allelespecific Ct values on cDNA
level corrected for the specificity of the allele-specific PCR (see Suppl. Materials and reviewed
in ref. 15). Allele specificity was determined using heterozygote DNA amplified with the same
gene specific primers listed in Supplementary Table 1. Homozygote controls were included to
test the level of ASPCR misextension. All measurements were carried out in triplicate; the
standard deviation (σLOI) of LOI was calculated as:

Stability of RNA in placentas
A time course analysis was conducted on three placenta samples to test the stability of placental
RNAs. Tissues, after excision from the whole placentas, were soaked in sterile saline at 4°C
immediately after delivery. Small segments were excised and frozen in liquid nitrogen at 0, 5,
15 and 45 minutes. We assessed the expression levels of six genes (PEG1/MEST, PEG3/PW1,
GTL2/MEG3, H19, GNAS1, ACTB) as described above under “PCR amplicons” and
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normalized against 18S rRNA. The calibration curve against 18S rRNA was used to control
for variation in total RNA used in the mRNA stability analyses (see Suppl. Materials).

Maternal contamination
Three pairs of maternal blood and placenta were genotyped for six genes with readout
polymorphisms to identify the mother-placenta genotype combinations showing the mother to
be heterozygous and the placenta to be homozygous for the same SNP. qASPCR was carried
out at the DNA and cDNA level to detect the presence of the maternally-unique allele in the
placental sample. The controls were identical to those used for LOI measurements. The level
of maternal allele in the DNA template corresponds to the number of maternal cells whereas
the level in the cDNA corresponds to the relative number of transcripts. Reaction conditions
were the same used with AmpliTaq Gold for allele-specific PCR on DNA and cDNA as
previously reported. We confirmed these results using hot start ΔZO5 polymerase (Roche
Molecular Systems) capable of a much higher allele specificity using the following conditions:
ΔZO5 Buffer (100 mM Tricine buffer, pH 7.5, 100 mM KOAc, 16% glycerol, 2% Dimethyl
Sulfoxide); 4 mM Mg(OAc)2; 0.2 mM each dNTP (dUTP replacing dTTP); 0.2 mM primers
(each); 0.25X SYBR Green (Invitrogen); 0.4 U ΔZO5 Gold DNA Polymerase; 20 ng template;
final volume 20 µl. Cycling conditions were: 95.0°C for 12 min, followed by 40 cycles of 95.0°
C for 30 sec, 60.0°C for 30 sec and 72.0°C for 30 sec.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
LOI quantification approach. (A) Representation of a paternally imprinted/maternally
expressed gene. The paternal allele is not expressed because of the imprinting control region
(ICR)29 imprinting signal (red and green). The gene is heterozygous for a readout SNP located
in the transcribed sequence (pink and lime). (B) When the imprinting signal is conserved (left)
no mRNA expression is expected from the paternal allele. Therefore, only the mRNA copy
carrying one of the two alleles is produced. When the imprinting signal is partially/totally lost
(LOI) (right, orange), mRNA from the imprinted allele is produced leading to an mRNA pool
containing both alleles. (C) Proportion of mRNA produced by the imprinted de-silenced allele
can be quantified after converting the whole mRNA pool into more stable double stranded
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cDNA through reverse transcription and minimal amplification. Splitting the cDNA template
into two equivalent batches and using two separate primer sets with the last base matching one
of the two SNP alleles, allows the quantification of the relative amount of the two original
mRNA forms. Mismatched primers at the 3' end allow template misextention with a
considerably lower efficiency. Real time PCR leads to little amplification from the imprinted
allele in the case of conservation of the imprinting signal (left). When the imprinting signal is
lost (right), both primers are extended.
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Figure 2.
Placenta sampling and storage. A piece of placenta is excised from the whole tissue, soaked
in sterile saline solution, frozen in liquid nitrogen and stored at −70°C. In order to extract DNA
and RNA from the tissue, the sample is ground in a liquid nitrogen cooled mortar to prevent
thawing. DNA is ultimately analyzed to identify heterozygous samples for the imprinting gene
set while RNA is converted in double stranded cDNA.
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Figure 3.
LOI in placental tissue. (A) Heterozygosities distribution; (B) LOI >3% in samples with
different pathologies.
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