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neighbour of the imprinted PLAGL1 gene. ASE was detected for two or more 

individuals in 39 candidate genes (18%).  

Conclusions: Both Sequenom and Illumina assays were sensitive enough to study 

imprinting and strong allelic bias. Previous bioinformatics approaches were not 

predictive of new imprinted genes in the human term placenta. ZNF331 is imprinted 

in human term placenta and might be a new ubiquitously imprinted gene, part of a 

primate-specific locus. Demonstration of partial imprinting of PHACTR2 calls for re-

evaluation of the allelic pattern of expression for the PHACTR2-PLAGL1 locus. ASE 

was common in human term placenta.  
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between alleles for six of them. Lo et al. studied 1063 genes (using Affymetrix 

HuSNP array) in seven fetuses, where of the 602 genes that were heterozygous, 326 

showed preferential expression of one allele in at least one individual (54%), while 

170 (28%) showed more than a four-fold difference between the two alleles [12]. 

Several oligonucleotide microarrays have been used to study ASE in lymphoblastoid 

cell lines (LCLs). Pant et al. used a custom made microarray (Perlegen, USA) and 

found allelic expression differences in at least one individual in 53% of the 1389 

genes targeted by heterozygous single nucleotide polymorphisms (SNPs) [13]. More 

recently, Gimelbrant et al. found monoallelic expression for 7.3% of the genes they 

tested in clonal lymphoblastoid cells [14]. Strong ASE differences (ASE ratio >4 or 

<1/4) have been found by Bjornsson et al. in 10% of SNPs in LCLs [15]. Hence, it 

seems that ASE is frequent, possibly underlying much of human variability [11-15].  

We have screened human term placenta for novel imprinted genes and ASE using two 

technologies that have been shown to be able to quantify allelic expression in a 

medium and high-throughput manner: the MassArray system (Sequenom, Inc.) [16] 

and the Illumina ASE Bead Array™[17], respectively.  

 

RESULTS 

 

Sequenom 

The MassArray system (Sequenom, Inc.) was used to test 143 genes for ASE in at 

least 23 family-trios. Each trio consisted of placental genomic DNA (gDNA), 

placental cDNA and both parental gDNAs. We analysed six imprinted control genes, 

seven biallelically expressed genes, seven orthologues of mouse imprinted genes, 99 

orthologues of mouse imprinted candidate genes [8], and 26 human imprinted 
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candidate genes [9] (Additional file 1: Supplemental Table S1). For 123 genes (86%), 

the cDNA amplification was successful and at least two placentas were heterozygous. 

A t-test (followed by FDR-moderation) was used to verify the null hypothesis that 

there was no allelic imbalance between the ratios of alleles in gDNA and in cDNA 

(Table 1 and Methods).  

 

Five imprinted control genes exhibited imprinting (no informative sample for 

rs2066707- ATP10A). In the subset of genes with acceptable cDNA genotyping 

success (arbitrarily set at a ratio between cDNA and gDNA genotyping higher than 

75%, see Methods), six candidate genes were significant for allelic imbalance in 

cDNA (p<0.05) (Table 1). None of these genes had an allelic expression pattern that 

was compatible with imprinting. Of these, RASGRF1 had the most allelic difference 

(76%) and it is notable that the mouse orthologue Rasgrf1 is imprinted in the brain 

[18]. Its mode of allelic expression in human term placenta was compatible with 

random monoallelic expression (no allelic preference; four paternal, one maternal and 

three biallelic mode of expression; data not shown). We checked the mode of 

expression of RASGFR1 in the human term placenta by Sanger sequencing. Biallelic 

expression (with sometimes a very slight random bias between alleles) was found in 

seven informative term placenta samples (data not shown). The average fluorescence 

level of RASGFR1 on the Illumina array was below our cut-off suggesting low 

expression level (see below). We thus considered RASGRF1 random monoallelic ASE 

to be a false positive. 

Using rs4911163 as a readout, ACSS2 showed a statistically significant (two-tailed t-

test, p=0.0075) preferential mode of ASE (Additional file 2). Using the Genevar 

database (T-P. Yang and E. Dermitzakis, manuscript in preparation), variable level of 
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an imprinted gene. Finally, ZNF331 and C19MC seem to be primate specific genes 

(no murine orthologue for ZNF331 was found using Ensembl or UCSC; and C19MC 

is primate-specific [28-30]). This probably explains why this locus was not found in 

previous mouse genome wide screens for imprinted loci. Hence, all aggregated results 

suggest a possible importance of the ZNF331-C19MC locus in human placental-fetal 

growth, metabolism and cancer. Being primate specific genes, the determination of 

their functional role in development will be a challenge. 

 

We found PHACTR2 to be partially imprinted in placenta (Figures 8 and 9). 

PHACTR2 is located on chromosome 6q24.2, 114 kb from PLAGL1 a known 

imprinted gene (previously called ZAC1). Loss of imprinting of PLAGL1 is seen in 

transient neonatal diabetes [31, 32]. PHACTR2 is a member of a family of four actin 

and protein phosphatase 1 (PP1) binding proteins highly expressed in the brain [33, 

34]. The function of PHACTR2 in placenta is unknown. PHACTR1, 3 and 4 have 

roles in brain and neural tube development and in cell spreading [35, 36]. Mouse 

strain allele specific dominant expression has been shown in brain for an isoform of 

Phactr3 (i.e., only the Phactr3 NMRI allele of exon 1C is expressed in NMRI/Cast 

heterozygous F1 progeny whatever the parent-of-origin of the NMRI allele) [37]. So, 

our results show that PHACTR2 is partially imprinted in placenta, and, with other 

work, suggest that the PHACTR gene family could be prone to complex epigenetic 

regulation.  

 

In total across the two platforms, we experimentally studied 183 genes identified as 

candidates for imprinted expression by prior bioinformatics approaches [8, 9]. Luedi 

et al. [8] predicted 600 genes to be imprinted out of 23,788 murine autosomal 
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annotated genes. We have tested 155 of these 600 mouse candidates and found one 

that exhibited (partial) imprinting in the term placenta. In another study of these 

murine candidates [38], one (KCNK9) out of 16 genes selected from the 600 

candidates was found to be imprinted in the mouse and human brain. Some of the 16 

candidates tested by Ruf et al. [39] were selected due to their proximity to known 

imprinted genes. In our results the one gene that exhibited partial imprinting, 

PHACTR2 is located adjacent to PLAGL1, a known imprinted gene (previously called 

ZAC1). Combined with the prior observations that imprinted genes often occur in 

clusters, these data suggest that if there are more imprinted genes to be found they 

may lie close to other imprinted genes. 

 

Recently, Luedi and colleagues generated a list of 156 candidate human imprinted 

genes [40]. Given that nearly all genes that are imprinted in human are also imprinted 

in the mouse, it is surprising that the mouse and human prediction lists overlap for 

only a few candidates. Non-coding features like repeats were used to predict 

candidates and it is possible that there were differences in the assembly quality of 

these features in the versions of the human (Ensembl version 20) and mouse (Ensembl 

version 16) genomes used for these studies [8, 40]. It would be interesting to test the 

algorithms on the most recent assemblies of both genomes. None of the 28 candidates 

identified by mining EST databases [9] that we tested was imprinted in placenta. 

Thus, only one of the 183 candidates predicted by bioinformatics methods that we 

tested was found (partially) imprinted in placenta. The poor specificity of the 

bioinformatics predictions in placenta raises two possibilities: either, the 

bioinformatics predictions have low specificity overall and only a handful imprinted 

genes are still to be discovered or the predictions are correctly identifying imprinting 
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in tissues other than placenta. Most phenotypes with a heritability compatible with 

imprinted gene disruption have been explained [6]. However, new imprinted genes are 

still being discovered: NLRP2 and OSBPL1A in placenta [15], ZNF331 in placenta 

(this work) and in LCLs [13, 21], KCNK9 in brain [39, 40], DLGAP2 in testis [40]. 

Hence it is possible that new imprinted genes will mainly be discovered in a tissue-

specific manner and that more subtle phenotypes could be associated with their 

disruption.  

 

We analysed five modes of ASE (imprinted, partial imprinting, preferential, 

monoallelic random, random ASE). Recently, Cheverud and colleagues suggested that 

different bipolar modes of ASE could exist [25, 41]. Bipolar ASE shows allele 

specific bias depending first on the parent-of-origin of the allele and second on 

heterozygous or homozygous status for this allele (a mode of allelic expression 

inheritance that was previously only known in the callipyge sheep [42]). Considering 

the bipolar associated growth and metabolic phenotypes described by Cheverud et al. 

in the adult mouse [25], it will be interesting to explore bipolar ASE in human tissues. 

However, the platforms used in this study would need to test many more trios with 

more replicates to approach the precision required to investigate such complex ASE 

patterns.  

 

Our quantitative allelic expression results for the imprinted control genes present on 

the array showed that the ‘silencing’ of the repressed allele is not always absolute 

(Figure 10). It is more of a continuum from complete silencing (e.g. PEG3, H19, and 

MEST) to partial silencing (e.g., DLK1, IGF2AS and PHACTR2).  These results agree 

with the recent work of Lambertini et al, who showed some expression of the 
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locus. We showed that PHACTR2, a neighbour of the imprinted gene PLAGL1, is 

partially imprinted in human placenta, the maternal allele being more highly 

expressed. Such a result calls for further evaluation of the allelic expression landscape 

of the complex and gene-rich human PHACTR2-PLAGL1 locus. Demonstration of 

incomplete silencing of the repressed allele for several control imprinted genes and 

PHACTR2 indicates that partially imprinted genes can be identified with appropriate 

screening tools. On the Illumina array, 39 candidate genes were statistically 

significant for our ASE test (18% of the candidate genes passing quality controls). 

Finally, our results suggest that ASE is a common variability factor in placental tissue 

and should be thoroughly studied in normal and pathological pregnancy.   

 

 

 

Methods 

 

DNA and RNA preparation 

Placental trio samples consisting of placental tissues with corresponding maternal and 

paternal blood samples were collected from consenting pregnant mothers of European 

ancestry at Queen Charlotte’s and Chelsea Hospital (local ethics approval 2001/6029). 

Samples were washed in sterile PBS and snap frozen in liquid nitrogen. A set of 24 

trios was randomly chosen from the tissue bank. For one trio, the genotyping of 

parental DNAs revealed it was not a biological family and parental information was 

removed from subsequent analyses. Genomic DNA (gDNA) was extracted from 

placental tissue samples and peripheral blood using standard phenol-chloroform 

separation. Total RNA was extracted from homogenised placental tissues using Trizol 
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human candidates [9], and 100 orthologues of mouse candidate imprinted genes [8] 

(Additional file 1: Supplemental Table S1). 

The MassArray system (Sequenom, Inc.) consists of a primer extension assay for 

genotyping and quantitation of alleles by MALDI-TOF (matrix-assisted laser 

desorption/ionization time-of-flight) mass spectrometry [44]. Three different primers 

(two for amplification and one allele-specific MassEXTEND primer) were designed 

for each targeted SNP using SpectroDesigner (Sequenom, Inc.) within the exon or the 

UTRs. PCR amplification was followed by shrimp alkaline phosphatase (SAP) 

treatment. The primer extension reaction generates different mass signals for the two 

alleles. SNPs were multiplexed in threes according to the termination mix used. 

Samples were purified using SpectroCLEAN (Sequenom). Samples were then spotted 

on the chip (SpectroCHIP, Sequenom) with the MassArray nanodispenser and 

analysed by SpectroREADER mass spectrometer (Sequenom). Genotypes were called 

by the proprietary software (SpectroTyper v2.0). Primer sequences and thermocycling 

conditions are available upon request. 

 

Sequenom analysis 

To find new imprinted genes or ASE, genotype calls were filtered to include only the 

genotypes that had been called with the “conservative” rating. The percentage of 

genotyping assays called in this way for each SNP was referred to as the success rate 

(SR) and was calculated for gDNA and cDNA. The ratio of cDNA to gDNA SR was 

used to filter out lowly expressed genes. Genotyping with a SR ratio ≥ 75% was taken 

forward in the analysis. Calls were then filtered to select trios with heterozygous 

placental genomic DNA. On these trios, a one-tailed paired t-test was used, for each 

SNP, to compare allelic quantification of the two alleles in placental cDNA and in 
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placental genomic DNA. P-values were then adjusted using the Benjamini-Hochberg 

method to control false discovery rate [45]. The analysis was carried out in R [46]. 

 

Illumina Assay 

The oligo pool of 1536 SNPs of the GoldenGate ASE Array (Illumina, Inc., USA) 

included 18 known imprinted genes, four housekeeping genes, 11 genes shown to be 

preferentially expressed in the placenta [22], ten genes predicted to be imprinted in 

humans [9], ten orthologues of mouse imprinted genes, 35 genes that are differentially 

expressed according to infant weight [22], six polycomb genes and 124 human 

orthologues of genes predicted to be imprinted in mouse [8]; all of which were 

selected based on their placental expression in the Unigene database 

(http://www.ncbi.nlm.nih.gov/UniGene) (see Additional file 1: Supplemental Table 

S2 for a list of SNPs and genes). All SNPs chosen were located within the exons or 

UTRs of the targeted genes in order to be present in the spliced mRNA. SNPs with the 

highest minor allele frequency (MAF) in our population in the single nucleotide 

polymorphisms database (dbSNP Build ID: 125 and 126), 

(http://www.ncbi.nlm.nih.gov/SNP/) and best Illumina design scores in our candidate 

genes were preferred. Alleles were differentiated by Cy3 and Cy5 labelled probes 

[47].  

Paired gDNA (250ng) and double-stranded cDNA (made from 250ng total RNA, see 

above) were identically processed and hybridised to a standard 96-sample Sentrix 

Array Matrix�according to the manufacturer's instructions for GoldenGate genotyping 

assays (Illumina, Inc., USA) [48]. After hybridisation for 16 hours, arrays were 

scanned with a Bead Station (Illumina, Inc., USA). For each placental sample, gDNA 

and cDNA were assayed on the same plate, and the whole plate analysis was 
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intensity across all samples greater than 11.25 (Illumina arbitrary fluorescence units); 

(2) at least 2 heterozygotes (based on BeadStudio calls from gDNA samples) with 

adjusted p-values less than 0.01 and absolute log-fold-changes greater than 0.585 and 

(3) at least 80% of homozygotes with adjusted p-values less than 0.01 and absolute 

log-fold-changes greater than 0.585.  The intensity cut-off was based on the 

concordance between Illumina and Sequenom data, with probes expressed below this 

level less reliably quantified on the Illumina arrays (Figure 1). The log-fold-change 

cut-off of 0.585 was based on the mixture data (Figure 2).  This experiment showed 

that true positives were more difficult to detect on the Illumina arrays in mixtures at or 

below 60:40/40:60 (equivalent to absolute log-ratios less than log2(60/40) = 0.585). 

The homozygote criteria (3) ensured that the two alleles could be reliably 

distinguished in the cDNA samples. All analyses were carried out in R using the 

beadarray [50] and limma packages [51].  

 

Mixture Analysis 

For the control experiment, gDNA mixtures of two HapMap individuals 

(NA12892:NA19092) (Coriell, Camden, New Jersey, United States) were created in 

the following proportions:  0%:100%, 5%:95%, 91%:9%, 83%:17%, 67%:33%, 

64%:36%, 60%:40%, 56%:44%, 50%:50%, 44%:56%, 40%:60%, 36%:64%, 

33%:67%, 17%:83%, 9%:91%, 5%:95% and 100%:0%.  Each mixture was hybridized 

in duplicate using the same experimental protocol.  Data were preprocessed and 

normalised as described in the previous section. 

A linear model was fitted to each SNP as described previously, and contrasts were 

obtained to give all pairwise comparisons between a given mixture and the 50%:50% 

mixture.  This corrects for dye biases and systematic shifts which are present for SNPs 
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Using Primer3 (http://frodo.wi.mit.edu/), one set of primers was designed to be used 

for both PCR and RT-PCR. Primer sequences and thermocycling conditions are 

available upon request. PCR and RT-PCR products were cleaned with Microclean 

(Microzone) and sequenced using standard ABI sequencing technology (Big Dye 

v1.1).  

Methylation study 

Bisulphite converted gDNA samples were prepared and cleaned using the EZ DNA 

methylation-Gold™ kit (Zymo, CA) according to the manufacturer’s instructions. For 

each CpG island of interest, bisulphite primers were designed using the MethPrimer 

webtool (http://www.urogene.org/methprimer/index1.html)[52]. Hotstar Taq 

polymerase (Qiagen, West Sussex, UK) was used for 45 PCR cycles to amplify 

converted gDNA samples. One to three µl of crude PCR product was ligated into 

pGEM®-T ® Vector System (Promega) as per manufacturer’s instructions. Ligations 

were then incubated at 4°C with JM109 high efficiency competent bacterial cells 

(Promega) for 30 minutes. The bacterial cells were then heat shocked at 42°C for 45 

seconds in a pre-heated water bath and immediately returned on ice for 2 minutes. 

White colonies were selected for sequencing and resuspended in 100 µl of LB-broth. 

The resuspended colonies were incubated at 37ºC for 1 to 2 hours. Two µl of each 

colony was amplified by standard PCR reaction with M13 forward and reverse 

primers or the specific primers designed for the CpG island of interest.  Sequences 

were analysed to determine bisulphite conversion of CpG sites using Bisulphite 

Sequencing DNA Methylation Analysis (BISMA) webtool (http://biochem.jacobs-

university.de/BDPC/BISMA/index.php)[53].  
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Table 3: Summary of the DNA and cDNA genotyping for the Illumina assay. 
 Description Genes SNPs 

A  Tested on the array 932 1536  

B Above intensity threshold (11.25)  446 576 

C As in B with at least two heterozygous 
samples 

393 497 

D As in C with good quality probe hybridisation 
in homozygotes 

214 261 

E As in D with at least two heterozygotes 
significant for ASE (p<0.01) 

49 56 

F As in E for the candidate genes only 39 (18.2%) 44 (16.9%) 

 
Numbers of SNPs and genes that are (A) tested on the Illumina array, (B) have passed 
the intensity cut-off, (C) have sufficient heterozygous placentas, (D) have passed 
hybridisation probe quality controls and (E) for which our statistical test detected 
ASE. Column F is the same as E but without taking into account the imprinted control 
genes. 
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rs2788478 FLJ10300 7 candidate 13.04 10 2 random ASE  

rs2271108 DOCK5 8 candidate 12.85 10 2 random ASE  

rs552282 PPFIA1 11 candidate 11.58 10 2 * preferential C>T 

rs1044116 NOTCH3 19 candidate 12.21 9 2 random ASE  

rs7204628 MGC24665 16 candidate 11.84 9 2 random ASE  

rs844 FCGR2B 1 candidate 13.05 8 2 * preferential C>T 

rs11156878 KIAA0391 14 candidate 12.15 5 2 random ASE  

rs12780 PRDM8 4 candidate 12.02 5 2 random ASE  

rs5919 ITGB3 17 candidate 11.55 4 2 random ASE  

rs13390 PHLDA2 11 control 12.33 2 2 imprinting  

 

All SNPs had an average intensity above 11.25 and all or a subset of heterozygous 
samples had a significant statistical ASE test (p<0.01). For each SNP, the ASE pattern 
(see text for details) was subjectively determined by examination of the bar charts, 
designed as in Figure 4, for all heterozygous samples.  In case of preferential 
expression, the allele that was more expressed is indicated in the last column. *For 
these SNPs, the preferential bias is weaker.  
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>95% conversion rate
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Conversion rate >95%
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