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Abstract

Imprinted genes display differential allelic expression in a manner that depends on the sex of the transmitting parent. The
degree of imprinting is often tissue-specific and/or developmental stage-specific, and may be altered in some diseases
including cancer. Here we applied Illumina/Solexa sequencing of the transcriptomes of reciprocal F1 mouse neonatal brains
and identified 26 genes with parent-of-origin dependent differential allelic expression. Allele-specific Pyrosequencing
verified 17 of them, including three novel imprinted genes. The known and novel imprinted genes all are found in proximity
to previously reported differentially methylated regions (DMRs). Ten genes known to be imprinted in placenta had sufficient
expression levels to attain a read depth that provided statistical power to detect imprinting, and yet all were consistent with
non-imprinting in our transcript count data for neonatal brain. Three closely linked and reciprocally imprinted gene pairs
were also discovered, and their pattern of expression suggests transcriptional interference. Despite the coverage of more
than 5000 genes, this scan only identified three novel imprinted refseq genes in neonatal brain, suggesting that this tissue is
nearly exhaustively characterized. This approach has the potential to yield an complete catalog of imprinted genes after
application to multiple tissues and developmental stages, shedding light on the mechanism, bioinformatic prediction, and
evolution of imprinted genes and diseases associated with genomic imprinting.
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Introduction

To date, 98 genes have been shown to undergo genomic

imprinting in mouse, and 56 genes are imprinted in humans, with

an overlapping set of 38 genes imprinted in both species [1]. For

neither species is the list of imprinted genes complete. Genome-

wide bioinformatic predictions face the challenge of a high false

positive rate, mostly because the training set of known imprinted

genes is small, and we do not know all the signals driving tissue-

and time-specificity of imprinting [2,3]. Attempts at exhaustive

scans for imprinted genes in humans have encountered several

drawbacks, including the challenge of using the most appropriate

tissue and developmental stage, a problem exacerbated by reliance

on lymphoblastoid cell lines (LCLs) [4]. Many imprinted genes

show tissue- and developmental stage-specific expression, and

many are expressed and imprinted only in specific stages of brain

development. Human studies also face the challenge of a low

number of informative heterozygous SNPs, so that allele-specific

assays are useful for only a small subset of individuals. Hence,

pedigree information is needed to distinguish genomic imprinting

from stochastic monoallelic expression [5,6]. These factors greatly

amplify the effort and cost needed for a transcriptome-wide scan

for imprinted genes in humans. By contrast, large-scale mouse

studies have used uniparental disomy [7–12] to detect parent-of-

origin effects. While this approach has led to the discovery of many

imprinted genes, and to the refinement of phenotypic analysis of

the consequences of disruptions in imprinting, not all genomic

regions are covered by uniparental disomies, and there is a risk

that such aberrant genome configurations may distort expression

patterns. Microarray-based approaches using allele-specific probes

can only detect nearly ‘‘all-or-none’’ imprinting with confidence,

because quantitative differences between maternal vs. paternal

allelic expression have high error due to the cross hybridization of

the perfect-match and mismatch probes [13,14]. In fact, genomic

imprinting may occur as a continuum from complete uniparental

expression to a slight but significant bias in the parental allele that

is expressed, and a technology that could reliably detect

quantitative differences in allele-specific expression at a transcrip-

tome scale would greatly accelerate imprinting research.

Results

Illumina sequencing results and SNP coverage
Short-read sequencing (e.g. Illumina/Solexa sequencing) of

transcripts provides many advantages in imprinting studies by

providing a large number of sequence tags that allow simple

counting of transcripts encoded by the two transmitted parental

alleles. In this study, we performed quantitative assessments of

genomic imprinting in transcripts from reciprocal cross progeny of

the AKR/J and PWD/PhJ mouse strains. Total RNA was

extracted from postnatal day 2 (P2) F1 female mouse whole

brains. One run of Illumina sequencing was done for each F1

PLoS ONE | www.plosone.org 1 December 2008 | Volume 3 | Issue 12 | e3839



female brain cDNA sample. We obtained 1072.63 Mbp of

sequence data from the PWD x AKR cross (listing female strain

first) and 1136.35 Mbp from AKR x PWD in 32 bp reads with

high quality (Figure S1.1). On average, 27.74% of the reads were

aligned to the NCBI RefSeq mouse genome database. Sequence

heterogeneity between alleles was great enough to produce poor

performance by ELAND in mapping reads to the genome, so this

mapping was performed with the NCBI BLAST program (Table

S1.1). Altogether, 33,519,739 and 35,510,887 reads were aligned

to the RefSeq database in the respective reciprocal crosses. The

sequences covered 15,491 RefSeq genes with at least one perfectly

matching Illumina read in each of the two reciprocal crosses.

Within these genes, we identified 814,360 and 884,828 reads

spanning Perlegen SNPs for the two respective reciprocal crosses

[15]. After quality control filtering (Table S1.2), 320,804 and

327,451 high quality SNP-containing reads remained, allowing

identification of parent-of-origin of each read (see Methods for

more details). 5,533 RefSeq genes (5,076 unique Entrez genes)

were covered in our study with a total SNP count of four or more

in both reciprocal crosses (Table S1.3). From the mouse Brain

EST Database, among the 5,500 cDNA clones of polyA-

containing 39-end EST sequences in P4 cerebellum, 3,500 are

distinct species [16]. This contrasts with a recent SAGE study of

P30 mouse brain, where the number of matched GenBank

transcripts with copy number five or more per cell was 4,161 [17],

but those data lacked the allele-specific identification. Based on

this information, we could query the imprinting status of nearly all

currently known transcribed genes with detectable expression in

mouse neonatal brain with an informative number of counts.

Detecting genomic imprinting
The relative expression level of the two parental alleles was

quantified from the counts of the AKR and PWD SNP alleles in

the Illumina read data (Figure 1). We define p1 to be the

percentage of counts from AKR allele in PWD x AKR cross, and

p2 as the percentage of counts from AKR allele in AKR x PWD

cross (Table S1.4). We identify a gene as a paternally expressed

candidate imprinted gene if p1 is significantly different from p2 and

where p1.0.5 and p2,0.5 (and, for maternally expressed genes,

p1,0.5, and p2.0.5) (Table S1.5). The Storer-Kim test for two

independent binomials [18,19] was used to test the significance of

the difference between the two binomial parameters, p1 and p2, for

each gene covered in the study [18]. q-values for each gene were

calculated, and a false discovery rate cutoff of 0.05 was applied

[20]. Using these criteria, we identified 13 paternally and 13

maternally expressed candidate imprinted genes with p1.0.65,

p2,0.35 (p1,0.65, p2.0.35 for maternal genes) and q-value

,0.05, respectively (Table 1).

A total of 17 of the 26 candidate genes were verified to be

imprinted by a combination of Sanger sequencing and Pyrose-

quencing. Of these, 14 are known imprinted genes. Nnat (Peg5),

Inpp5f_v2, Rasgrf1, Zrsr1 (U2af1-rs1), Snrpn and Snurf genes are

known to be imprinted in mouse neonatal brain with paternal-only

expression (Table 1; Supporting References S1) [21–25], and this

was confirmed by both the Illumina sequence data and by Sanger

sequencing and Pyrosequencing (Figures S1.2–S1.5). Neuronatin

(Nnat), a gene on mouse chromosome 2, is known to be imprinted

in mouse neonatal brain [21]. In our data, Nnat showed 100%

paternal monoallelic expression, with a q-value of zero (Table 1).

Four SNPs within the last exon of the gene were covered by the

Illumina reads. All of them showed 100% paternal expression as

scored in 3,057 observed paternal allele-bearing reads in both

reciprocal F1s (Figure 2A), a result verified by Sanger sequencing

(Figure 2C) and by Pyrosequencing (Figure 2C).

The imprinting status of seven known imprinted genes have not

been previously reported in neonatal brain, including the

paternally expressed Peg13, Sgce and Nap1l5 (Table 1; Figures

S1.6–S1.8) [26,27] and the maternally expressed Gtl2 (Meg3),

Impact, H19 and Cdkn1c (P57KIP2) (Table 1; Figures S1.9–S1.11)

[28–31]. Our data support their being imprinted in P2 neonatal

brain (Table 1). Gtl2 (also known as Meg3) is a non-coding RNA

gene on mouse chromosome 12, and it is reported to be imprinted

in mouse placenta [28]. Although the expression pattern of Gtl2

has been determined in brain [32,33], the imprinting status was

not tested in neonatal brain. There is no Perlegen SNP covered in

the Solexa data, but from the assembly of the Solexa reads, 4 novel

SNPs were discovered and it is suggested that the Gtl2 transcript

(XR_035484) is expressed only from the maternal allele

(Figure 3A). This is confirmed by Pyrosequencing (Figure 3B).

Another splicing variant of Gtl2, NM_144513, was identified to be

imprinted in our custom Agilent microarray survey of novel

imprinted genes (A. Clark unpublished data), with 1,847-fold

difference in probe intensity in PWD x AKR cross and 793-fold in

the reciprocal cross. A Perlegen SNP (NES17649478) in

NM_144513 but not XR_035484 was verified by Pyrosequencing

(Figure 3C). The analysis shows unambiguously that both splice

variants are imprinted. Careful examination of the in situ images of

fetal brain of uniparental disomic mice are consistent with our

findings and suggest that there is maternal expression only [34].

Known and novel imprinted genes identified
We also discovered three novel imprinted genes by Illumina

short-read sequencing, and verified by Sanger and Pyrosequen-

cing. According to Choi et al. [22], Inpp5f is a splicing variant of

the known imprinted gene Inpp5f_v2, sharing 4 exons and part of

the last exon. There are seven SNPs covered in the sequence data

for Inpp5f, with 2 of them shared by Inpp5f_v2. Since all seven

SNPs show significant paternal-excess in expression, we conclude

that Inpp5f is also imprinted in P2 neonatal brain (Figure S1.2).

Formally, it is also possible that Inpp5f and Inpp5f_v2 share the

same 39 end. Two CpG islands near the gene region were reported

before [22]. CpG1 is not methylated and CpG2 is the DMR

(Differentially Methylated Region) with only the paternal allele

being methylated. Two previously reported non-imprinted genes,

1810044A24Rik [35] and Blcap [36], are found to be predomi-

nantly maternally expressed novel imprinted genes in our

sequence data (q-value 0.0011 and 0.025) and Pyrosequencing

verified that they showed 80% expression from the maternal allele.

The imprinting status of 1810044A24Rik was also verified by

Pyrosequencing in reciprocal crosses of C57BL/6 and C3H/HeJ

(Figure. S1.12, S1.13). The imprinting status for Blcap was not

verified in C57BL/6 and C3H/HeJ due to lack of exonic SNPs.

Two known imprinted genes, Peg13 and Nnat, are located in the

introns of 1810044A24Rik and Blcap, respectively. The CpG island

of Peg13 is only methylated at the maternal allele [26]. Five

differentially methylated CpG sites within the gene region of Nnat

were previously identified [26,37], so each of the three novel

imprinted genes have DMRs near or within the gene regions

(Table S1.19). Nine genes attained marginal significance only after

pooling across all SNPs, but showed no single SNP with a

significantly skewed frequency. In all 9 cases, Pyrosequencing

demonstrated unambiguously that they were not imprinted

(Table 1).

Coverage of known imprinted genes in this study
Among the 98 known imprinted genes in mouse, 45 have both

RefSeq ID and SNPs between AKR and PWD strains. 33 of the

45 known imprinted genes with SNPs were covered in our short-

Solexa Genomic Imprinting Scan
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read sequence data. The remaining 12 genes were not covered by

filtered high quality SNP-containing reads due to lack of detected

expression in mouse neonatal brain (Table S1.6). 14 of 33 covered

known imprinted genes are significant (Table 1). In the non-

significant maternally expressed imprinted genes, Ppp1r9a, Asb4,

Calcr and Ube3a have been reported as being imprinted in brain

[38–41], and they all have a marginally significant P-value. Ube3a

imprinting was verified by Pyrosequencing. Genes that have too

low a high-quality SNP-containing read count, such as Gnas, Gatm,

Tnfrsf23, Zim1, Dcn, Nap1l4, Osbpl5, Grb10 and Slc22a2 have an

imprinting status that remains inconclusive, but the data are not

consistent with strong imprinting (Table S1.6). All known

maternally expressed genes covered with adequate depth of

sequence reads had a pattern of allelic bias consistent with their

known imprinting status. Gtl2, H19, Cdkn1c and Commd1 are

significant in the Solexa data and they are verified to be imprinted

in neonatal brain. Ppp1r9a has significant nominal P-value but is

not significant after multiple test correction. However, the Solexa

counts are consistent with preferential maternal expression (Table

S1.7). Asb4, Calcr, Ube3a has marginal significant P-value due to the

small number of SNP-containing reads covered in the data,

suggesting that they might be imprinted in neonatal brain. We

verified that Ube3a is imprinted in neonatal brain by the

Pyrosequencing method, with the p1 and p2 ratios 0.392 and

0.755. The other genes covered in the data, Gatm, Tnfrsf23, Zim1,

Dcn, Nap1l4, Osbpl5, and Slc22a2 are not significant, which is

consistent with the fact that they are known to be imprinted in

placenta instead of neonatal brain (Table S1.7). Gnas, a known

Figure 1. Alignment of Illumina sequence reads for Igf2 transcript. The top panel is the summary window or all 1,253 cDNA reads that
mapped to the 4,038 bp Igf2 transcript (NM_010514). The blue arrows represent the sense reads and the red arrows represent antisense reads. From
the figure, most of the reads were aligned to the 1 kb region near the 39-end of the transcript. The bottom left panel gives the Illumina read names,
and the bottom right gives the sequence alignment. Sense reads are printed in black font and the antisense reads are in red font. There are many
overlapping 32-bp reads aligned uniquely to the transcript, with a quality score for each nucleotide. There is a SNP (A/G) located in the middle. By
directly counting the number of reference and alternative nucleotides at the SNP, we were able to quantify the relative expression level of the two
parental alleles.
doi:10.1371/journal.pone.0003839.g001

Solexa Genomic Imprinting Scan
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imprinted gene in the pituitary but not in the whole brain of

mouse [42–45], is not statistically significant in the Solexa data.

However, the Pyrosequencing verification showed 0.459/0.562

ratio of p1/p2, suggesting that there is slightly higher expression

from the allele inherited from mother . Grb10 is imprinted in both

placenta and brain [46–48] but does not show a significant

difference between p1 and p2 in the Solexa data, despite adequate

expression level to provide a test of adequate power. Subsequent

Pyrosequencing verified the non-imprinting status in P2 neonatal

brain (Table S1.7). In fact, Grb10 is imprinted in mouse brain with

paternal-only expression, but it shows maternal-only expression in

other tissues [48]. It could be possible that Grb10 is imprinted in

other stages of brain (for example, fetal brain) but not P2 brain in

mouse, or it is possible that the imprinting status varies among

strains, and the AKR x PWD F1 fail to imprint Grb10. For the

paternally expressed known imprinted genes that are not

statistically significant in our data, Magel2 and Peg3 are consistent

with 100% paternal expression. Rtl1 and Copg2 may be maternally

expressed, as suggested by the sequence count data, but there were

too few reads to attain statistical significance. While Copg2 is

maternally expressed, and Rtl1 is expressed from the paternally

inherited allele, the microRNA-containing antisense transcript is

expressed from the maternal allele [49]. Igf2 and Slc38a4 are

consistent with non-imprinting and, consistent with the pattern of

expression in human and mouse [50–53], Igf2 is verified by

Pyrosequencing to be biallelically expressed in brain (Table S1.7).

Closely-linked pairs of imprinted genes
Of the 10 sense-antisense pairs of known imprinted genes

discovered to date [1], eight pairs are reciprocally imprinted

(maternal expression for sense transcripts and paternal expression

for antisense transcripts, or vice versa) [41,49,54–66] (Table S1.8).

The remaining two show only paternal expression [51,67,68].

These cases of imprinting all were discovered and verified

individually in different samples using different mouse strains

(Table S1.8). In our Illumina sequence data, three reciprocally

expressed closely linked sense-antisense (or sense-sense) pairs were

covered adequately to perform statistical analysis (Table S1.9).

Four of them are known imprinted genes (Peg13, Nnat, Zrsr1,

Commd1) and two (1810044A24Rik, Blcap) are among our verified

novel imprinted genes. Peg13, Nnat and Zrsr1 are located in an

intron of 1810044A24Rik, Blcap and Commd, respectively. Interest-

ingly, in the three pairs, Peg13-1810044A24Rik, Nnat-Blcap and

Zrsr1- Commd1, the first gene is a paternally expressed imprinted

gene with 100% monoallelic expression, whereas the second gene

is maternally expressed partially imprinted gene (Figure 4). The

pattern is consistent with the possibility that the monoallelic

expression of the paternally expressed sense transcripts might

reduce the relative expression of the paternal copy of the antisense

transcript, resulting in predominantly maternal expression. Our

hypothesis is that the paternally expressed imprinted gene is

driving the apparent imprinting of the maternal gene, presumably

Figure 2. Verification for known imprinted gene Nnat (also
known as Peg5). (A) Allele counts for Perlegen SNP NES08901860,
NES08901861, NES08901863 and NES08901864. The blue bars (from left
to right) represent the Illumina read counts from the paternal allele in
PWD x AKR and AKR x PWD F1s respectively (maternal genotype listed
first). The red bars represent the maternal allele Illumina read counts.
(B) Sanger sequencing verification for Perlegen SNP NES08901861. We
discovered an adjacent SNP position before NES08901861. The target
sequence is GCCCT(AC/GA)ATCT. (C), Pyrosequencing verification for
Perlegen SNP NES08901861. The target sequence is GCCCT(AC/
GA)ATCT.
doi:10.1371/journal.pone.0003839.g002
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Figure 3. Verification for the known imprinted gene Gtl2. (A) Allele counts for the 4 new SNPs discovered by assembling the Solexa reads. The
blue bars (from left to right) stand for the counts from the paternal allele in PWD x AKR and AKR x PWD F1s respectively. The red bars represent the
maternal allele counts. Four novel SNPs were discovered in one Gtl2 transcript (XR_035484), consistent with monoallelic expression from the maternal
allele in both reciprocal crosses and confirmed by Pyrosequencing. Another splicing variant of Gtl2, NM_144513, previously was found by us to be
imprinted using a custom Agilent allele-specific microarray (unpublished), with an 1,847-fold difference in probe intensity in PWD x AKR cross and
793-fold in the reciprocal cross. A Perlegen SNP (NES17649478) in NM_144513 but not XR_035484 was verified by Pyrosequencing. We conclude that
both XR_035484 and NM_144513 are imprinted in the neonatal brain. (B) Pyrosequencing verification for novel SNP1 in Gtl2. The target sequence is
TGT(A/G)GAGGGA. (C) Pyrosequencing verification for Perlegen SNP NES17649478. The target sequence is GA(A/G)GATAG.
doi:10.1371/journal.pone.0003839.g003
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through transcriptional interference. While this reciprocal im-

printing has been noted in the literature [24,69,70] , this is the first

genome-wide study identifying multiple, well quantified cases in

mouse neonatal brains.

Transcriptome-wide pattern of imprinting status
To investigate the pattern of imprinting status for all the

transcripts covered by our study, we plotted the 5,076 unique

Entrez genes with counts of four or more in both reciprocal crosses

across the mouse genome (Figure 5; Figure S1.14). We define

imprinting status as the difference between the AKR percentages

in the two reciprocal crosses, which is p1-p2 (Table S1.4). Most

genes display a value of p1-p2 close to zero, indicating a lack of

significant imprinting. The sense-antisense pairs and the imprinted

genes in known imprinting clusters are clearly demonstrated in the

genome-wide plots (Figure S1.14). There are 1,606 non-significant

genes with a total count 25 or more in both reciprocal crosses,

forming a good tissue-specific non-imprinted dataset for compu-

tational prediction and evolutionary analysis (Table S1.10).

Paternal-brain and maternal placenta bias of imprinted
genes

When paternally- and maternally-expressed imprinted genes

covered in the sequence read data are compared, we discovered an

excess of paternal expression (11 paternal and 6 maternal), and

most of these (9 of 11) show strong monoallelic expression (90%–

100%). Three of the maternally expressed genes are only partially

imprinted in brain with 70%–80% expression from the maternal

allele (Table 1). Overall there is a bias toward paternally expressed

imprinted genes in brain, whereas of the 29 genes reported to be

imprinted in placenta, only 8 are paternally expressed (Table

S1.11).

Discussion

Quantifying allele-specific expression with accurate ratios
by directly counting the SNPs

Genomic imprinting is not always an ‘‘all-or-none’’ effect with

100% from the paternal or maternal allele. Instead, the degree of

imprinting falls on a continuum from complete uniparental

expression to equal expression of the two parental alleles.

Microarray hybridization can identify uniparental expression,

but it cannot give reliable ratios of the two parental alleles, since

there is no good means to quantify the affinity difference between

perfect and mismatch probes. The method of direct Sanger

sequencing of the cDNA is not quantitative and will miss those

cases with quantitative differences between maternal vs. paternal

expression. To solve these problems, we sequenced the entire

transcriptomes of mouse reciprocal F1 neonatal brains by the

Illumina/Solexa sequencing method, and obtained relative

expression ratios of the two parental alleles by counting the

allele-specific sequence reads at the SNP positions within the

transcripts. The method is well validated by independent methods

(Pyrosequencing and Sanger sequencing). We present discoveries

of the imprinting status of many genes for the neonatal brain,

including genes not known to be imprinted in any tissue. Scoring

allele-specific expression by short read transcriptome sequencing

will be widely used whenever allele-specific differential expression

is of interest, including quantification of cis-acting regulatory SNP

effects [71].

The path to exhaustive profiling of tissue- and
developmental stage-specific genomic imprinting

The discovery of imprinted genes in humans and mice remains

sporadic due to the hit-or-miss way that these genes have been

discovered. Different studies used different mouse strains, testing

imprinting status in different tissues and developmental time

points, and none of the studies published to date has employed a

truly transcriptome-wide screen for imprinting. Our study shows a

way to quantitatively assess in a highly uniform manner the

imprinting status of the entire transcriptome for each tissue. The

uniformity of the short-read sequencing approach has clear

advantages, and paves the way toward a catalog of imprinting

status of all transcribed genes in the mouse and human.

Imprinting of nested and closely-linked genes
Our short-read transcriptome sequencing approach identified

three pairs of closely linked and reciprocally imprinted genes in

which the paternally expressed genes showed 100% monoallelic

expression whereas the maternally expressed genes are only

partially imprinted in neonatal brains. These data are consistent

with the scenario in which the paternally expressed gene is strongly

imprinted, and by virtue of its imprinting, there is transcriptional

interference, driving weaker expression of genes that are transcribed

from the opposite strand (or are nested within the first transcript).

This would impose an appearance of weak maternally expressed

imprinting. The implications of the bias toward maternal expression

in partially imprinted genes, paternal expression of strongly

imprinted genes, and the apparent transcriptional interference of

opposing strand transcripts all await further analysis to understand

the mechanism regulating their imprinting as well as their functional

and evolutionary implications.

How many imprinted genes are there in the genome?
It has been estimated that about 1% of the genes in the

mammalian genome are imprinted. However, this estimate has a

wide range, from around 100 genes [2] to 600 genes [3], to more than

2,000 genes [72]. The variation is due to the ignorance of tissue-

specificity of imprinting status and the inability to make inference

about non-imprinted genes. Using our method, by counting the reads

that correspond to the two parental alleles, we can specify the

statistical confidence that a gene is not imprinted, as well as

identifying those that are only partially imprinted. This enables

determination of the statistical confidence that this list of imprinted

genes is close to exhaustive in neonatal brains. In addition to the three

novel imprinted genes we found in neonatal brain, we confirmed the

imprinting status of 7 known imprinted genes and we also discovered

the novel imprinting status in neonatal brain of 7 additional genes

known to be imprinted in other tissues. With our coverage of more

than 5,000 transcripts, we did not discover novel imprinting clusters,

and only a small number of novel imprinted genes were found. Taken

altogether, the data suggest that the list of genes that are imprinted in

Figure 4. Sense-antisense gene pairs covered by the Illumina sequence data. Gene structures of the three gene pairs showing nested
structures. The blue shading represents the paternal allele and the pink shading indicates for the maternal allele. Boxes with dashed lines indicate no
expression. The arrows represent the direction of transcription. The sum of the heights of the two parental exons for each gene is in proportion to the
expression level, which is quantified by the total counts of the perfect-match Illumina reads. The relative heights of the exons for the paternal and
maternal allele within the same gene represent the relative expression level of the two parental alleles. The short vertical lines under the exons
indicate the SNP positions, and the total counts of the two reciprocal crosses for the maternal and paternal allele are labeled.
doi:10.1371/journal.pone.0003839.g004
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the neonatal brain is nearly complete, and the only remaining ones to

be discovered are either expressed at very low levels, show a small

parent-of-origin bias, or are imprinted in only a small portion of the

brain.

Materials and Methods

Mouse Strains
Four mouse strains (C57BL/6, C3H/HeJ, AKR/J, PWD/PhJ)

were purchased from the Jackson Laboratory (www.jax.org). We

performed two pairs of mouse reciprocal crosses (C57BL/6 x

C3H/HeJ, C3H/HeJ x C57BL/6, AKR/J x PWD/PhJ, PWD/

PhJ x AKR/J). Total RNA samples were extracted from the P2 F1

mouse whole brains using the Qiagen RNeasy Lipid Tissue Mini

Kit. RNA concentrations and A260 nm/A280 nm ratios were

checked with a NanoDrop ND-1000 Spectrophotometer. RNA

integrity was checked using the Agilent 2100 Bioanalyzer. All of

the samples have a RIN (RNA integrity number) of 10.

All procedures involving mice have been approved by the

Institutional Animal Care and Use Committee at Cornell

Figure 5. Chromosomal scans of imprinting status. (A) Imprinting status for chromosome 2. (B) Imprinting status for chromosome 7. Each plot
contains unique Entrez genes covered by SNP-containing Illumina reads with counts no less than 4 in both reciprocal crosses. The height of each bar
is the difference of the AKR percentage in the two reciprocal crosses (p1-p2), representing the intensity of imprinting. The color stands for the
direction of imprinting, blue for paternal expression and red for maternal expression. The intensity of the color represents the significance, grey for
not significant (q-value $0.10), lighter blue and pink for marginally significant (0.05# q-value ,0.10), darker blue and red for significant (q-value
,0.05). The gene name is indicated if | p1-p2| $0.3.
doi:10.1371/journal.pone.0003839.g005

Solexa Genomic Imprinting Scan

PLoS ONE | www.plosone.org 9 December 2008 | Volume 3 | Issue 12 | e3839



University (protocol number 2002-0075, approved for three years

beginning 01/27/2006). Cornell University is accredited by

AAALAC.

Illumina sequencing of the transcriptome
One Illumina Genome Analyzer run was performed for each

reciprocal F1 of PWD and AKR mice at the Genome Center at

Washington University. cDNA was synthesized using a modified

version of the SMART Technology (ClonTech). To improve

sequence coverage, we used a size selection procedure that

removed cDNAs shorter than 1.3 kb in length. One Illumina

Genome Analyzer run of each reciprocal F1 sample was run on

the Illumina Genome Analyzer.

-Synopsis. Mouse total RNA was converted to first strand

cDNA using a modified-SMART protocol. The first strand cDNA

was then PCR amplified and size fractionated in 6% polyethylene

glycol (PEG)/0.55M sodium chloride (NaCl) to enrich for cDNA

#1250bp. SMART adapters were then excised from the cDNAs

using MmeI and the adapters were removed from the reaction

using 11% PEG/0.5M NaCl. The purified cDNA population then

was fragmented and used as the source for a standard Illumina

fragment library.

-Modified-SMART. First strand cDNA was produced from

mouse total RNA according to a modified version of the Clontech

SMART protocol (E. Mardis, personal communication), using

approximately 1 mg of total RNA and SuperScript II (Invitrogen).

-Cycle optimization PCR and production PCR. The

modified-SMART cDNA was used as the template in a PCR

reaction to determine the number of cycles at which the reaction is

no longer exponential. The cycle optimization reaction used 1 ml

of the first strand cDNA reaction. Aliquots were removed at 2

cycle timepoints between 16 and 24 cycles. They were then run on

a Flashgel (Lonza) for 5 min at 275 v, and the optimum cycle

number was determined by observation.

The production PCR consisted of eight 100 ml reactions

identical in composition to the cycle optimization reaction except

that 2 ml of first-strand cDNA was used for each reaction and the

empirically determined cycle optimum number was used for

amplification of all eight reactions. The PCR products were

purified and concentrated with two Qiaquick columns (Qiagen),

according to the manufacturer’s protocol, and eluted with 30 ml

Buffer EB (Qiagen) per column.

-Size fractionation. To fractionate cDNA #1250 bp, the

amplified cDNA from the production PCR reactions was

resuspended in a 300 ml reaction of 6% PEG-8000, 0.55 M NaCl

and carboxylate paramagnetic beads. The mixture was vigorously

vortexed and incubated for 10 min at room temperature. The

reaction was placed on a magnetic particle collector (MPC,

Invitrogen) for two min and the supernatant, containing the

#1250 bp fraction, was transferred to a clean tube. This cDNA

fraction was purified over a Qiaquick column according to the

manufacturer’s protocol, and eluted in 50 ml Buffer EB.

-Adapter removal and cDNA purification. The 59 and 39

adapters added during cDNA synthesis, contain MmeI recognition

sequences that are removed by digestion in a 100 ml reaction

containing 16 NEB Buffer 4 (20 mM Tris-acetate, 50 mM

potassium acetate, 10 mM magnesium acetate, 1 mM

dithiothreitol, pH 7.9 @ 25uC), 10 mg of 10mg/ml BSA, 64 mM

S-adenosylmethionine (New England Biolabs) and 12 units MmeI

(New England Biolabs) for 30 min at 37uC. The digested cDNA

was purified and concentrated with 1 Qiaquick column according

to the manufacturer’s protocol, and eluted with 30 ml Buffer EB.

A second round of PEG/NaCl fractionation further removes

the adapter fragments released by Mme1 digestion. Here, the

cDNAs purified by Qiaquick column were resuspended in a

300 ml reaction of 11% PEG-8000, 0.5M NaCl and carboxylate

paramagnetic beads. The mixture was vigorously vortexed and

incubated for 10 min at room temperature. The reaction was

placed on an MPC for two min and the supernatant was then

discarded. The paramagnetic beads were washed twice with 70%

ethanol and air dried. The tube containing the paramagnetic

beads was removed from the MPC and the beads were

resuspended in 50 ml Buffer EB with vigorous vortexing. The

reaction was placed on the MPC for two min and the supernatant

was transferred to a clean tube. This fraction contains cDNA

.150 bp and free of 59 & 39 adapters.

-Nebulization/Covaris shearing and Illumina/Solexa

library prep. Sample B17 (PWD/PhJ x AKR/J): The cDNA

was sheared by nebulization (2 min at 50 PSI) and the sheared

DNA was purified/concentrated with a single Qiaquick column

according to the manufacturer’s protocol. Sample B21 (AKR/J x

PWD/PhJ): The cDNA was sheared with the Covaris S2 System

in 75% glycerol with the following program: 10 cycles of 4

treatments, 60 sec each; Duty cycle = 20%; intensity = 10; 1000

cycles/burst. The cDNA was purified/concentrated by ethanol

precipitation.

The sheared cDNAs were then prepared for Illumina

sequencing according to the manufacturer’s protocols. Libraries

were prepared from a 150–200 bp size-selected fraction following

adapter ligation and agarose gel separation. The libraries were

sequenced using a single end read protocol with 32 bp of data

collected per run on the Illumina Genome Analyzer. Data analysis

and base calling were performed by the Illumina instrument

software.

Illumina sequence data analysis
We obtained 33,519,739 reads (1072.63 Mbp total) from the

PWD/PhJ x AKR/J cross (PWD x AKR for short) in seven lanes,

and 35,510,887 reads (1136.35 Mbp total) in eight lanes for the

reciprocal cross, AKR/J x PWD/PhJ (AKR x PWD for short).

Both runs have high sequence quality with 95% of the bases

passing Q20 (Figure S1.1).

We used a local version of the NCBI BLAST program (http://

www.ncbi.nlm.nih.gov/blast/Blast.cgi) to align the 32-bp reads to

the mouse RefSeq database (http://www.ncbi.nlm.nih.gov/

RefSeq/). The parameters for the blastn program were optimized

for short reads and our purpose. We did the BLAST jobs on 180

nodes of the CBSU clusters (http://cbsuapps.tc.cornell.edu/index.

aspx) using the P-BLAST utility. 23.82% of the total reads in the

PWR x AKR cross were aligned to the RefSeq database with 3.57

hits/read. 31.18% of the total reads in the AKR x PWD cross

were aligned to the RefSeq database with 3.02 hits/read (Table

S1.1). High quality SNP-containing reads were filtered out, with

unique match to the RefSeq gene (or different transcripts of the

same Entrez gene). Relative expression level of the two parental

alleles was estimated by the relative counts of Illumina reads at the

SNP positions in the Perlegen mouse SNP database (Tables

S1.14–S1.18; Figures S1.15–S1.20). 59 out of the 98 known

imprinted genes in mouse are in the mouse RefSeq database. We

assembled them into ace files according to the BLAST alignment

information. 20 novel SNPs were called in 12 known imprinted

genes from the Illumina assembly (Tables S1.12 and S1.13).

Estimation of the relative parental expression
To identify the SNP positions in the mouse RefSeq database, we

used the SNP genotype and information in the Perlegen mouse

SNP database (http://mouse.perlegen.com). Perlegen Sciences

and NIEHS genotyped 8 million SNPs among 15 mouse strains
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with a genome coverage of 70%, including PWD and AKR. The

SNP density is approximately 3 SNPs/kb and most of the genic

regions are covered in the database. The genome coordinates of

the reviewed and validated mouse RefSeq sequences (starting with

NM and NR, see http://www.ncbi.nlm.nih.gov/RefSeq/key.

html#status) were downloaded from the UCSC genome browser

(www.genome.ucsc.edu, July 2007 assembly). The SNP positions

in the RefSeq sequences were filtered by the RefSeq gene

coordinates. To correct for gaps in the RefSeq-genomic sequence

alignments, we also did text matches using 20 bp upstream and

downstream the SNP positions. A total of 206,589 Perlegen SNPs

were found in 18,797 RefSeq sequences (Tables S1.14 and S1.15),

with an average SNP density of 11 SNPs/RefSeq sequence (Figure

S1.15). 4,127 SNPs with missing data in the Perlegen SNP

database were called based on the Illumina sequence reads. The

genotypes of all the high quality Perlegen SNPs (q-score $10,

Mismatch #4 for alternative allele, Mismatch #3 for reference

allele and match length $28) covered in the Illumina reads were

summarized in the two reciprocal F1s. 175,687 (84.71%) of the

207,407 Perlegen RefSeq SNPs were not covered or not

informative (less than 1 SNP count in both direction). In the

31,720 Illumina-covered Perlegen SNPs, 25,289 (83.21%) were

confirmed by Illumina reads, and 4,127 (13.58%) Perlgen SNPs

with missing data (N) in AKR and PWD strains were called based

on the Illumina sequence information (Figure S1.19). The newly

called SNPs were included in the data analysis. From the results,

the genotype of the Illumina short-read sequence identified SNPs

are consistent with the Perlegen SNP, indicating high sequence

quality of our Illumina Genome Analyzer run. There are only 161

inconsistent SNPs, most of which are the complementary allele

and could come from the antisense transcript of the RefSeq gene.

The expression level of the RefSeq transcripts were quantified

by the number of perfectly matched reads in the Illumina sequence

data. 15,491 RefSeq genes were covered by at least one perfect

match read in each of the two reciprocal crosses (Figure S1.20).

In order to do the quality control and filter out the true SNP-

containing reads, several criteria were considered. The Illumina

sequence SNPs (Perlegen SNP that are present in our Illumina

reads) were classified to six categories according to their consistency

with the Perlegen SNP information (Table S1.16). Classes 1–5 are

the consistent SNPs. Class 1 includes SNPs that are polymorphic

between AKR and PWD strains. These are the SNPs we want to use

in our study to quantify the relative parental expression. Class 2

SNPs are also consistent but the SNP is not polymorphic between

AKR and PWD strains. Classes 3–5 are SNPs that have missing

data (N) in the Perlegen database. The rest of the Illumina SNPs are

classified in class 0, which are the inconsistent SNPs. Most of the

Illumina SNPs have a quality score 20 or above (Figure S1.16). The

distribution of the number of mismatches showed that the pattern

class 1 SNPs are consistent with perfectly matched reference and

alternative alleles, an attribute not seen in any other SNP classes

(Figure S1.17). So the class 1 SNPs were used in the following

analysis. Regarding the match length of the SNP-containing reads,

more than 80% have a full length match (32 bp), and most of the

reads have a match length of 25 or more. The blastn algorithm is a

local alignment algorithm, so if there are SNPs in the first or last 2

bp of a read, the alignment will be truncated, although it is still

considered a full length match (Figure S1.18). Two sets of filter

criteria were used before the final SNP counts for each RefSeq gene

were summarized (Table S1.2). Both Filter 1 and Filter 2 are

conservative and the reads after the filtering all matched uniquely to

the Entrez gene database (could be more than one RefSeqs due to

alternative splicing). Since there is no lane effect, the AKR and

PWD counts in the two reciprocal crosses are summarized by

RefSeq genes and by SNPs. 326 class 1 SNPs are not polymorphic

in the Illumina sequence data due to the repetitive match of the

SNP-containing sequence in the mouse genome, so we do not know

where transcripts bearing these SNPs are coming from. Such SNPs

are excluded from the final analysis (Table S1.17).

Detecting genomic imprinting and Statistical analysis
We have the filtered AKR and PWD allele counts for the two

reciprocal F1s. We define p1 as the AKR allele proportion in the

PWD x AKR cross and p2 as the AKR allele proportion in the

AKR x PWD cross (Table S1.4). If a gene has equal expression

from the two parental alleles, p1 and p2 will be approximately 0.5.

If a gene is an expression QTL (eQTL) with higher expression

from the AKR-derived allele, p1 will be approximately equal to p2

and both p1 and p2 will be greater than 0.5. A paternally expressed

imprinted gene will have the pattern of p1.0.5 and p2 ,0.5,

whereas a maternally expressed imprinted gene will have the

pattern of p1 ,0.5 and p2.0.5 (Table S1.5). The advantage of

having the reciprocal crosses is that we could distinguish an eQTL

from true genomic imprinting.

A formal statistical test is needed to test the significance. We did

not use Fisher’s exact test because it is a conservative test and

results in substantial loss of power, especially when the total counts

are small [73]. Rather, we used a modern statistical method, the

Storer-Kim method for two independent binomials to test whether

there is a significant difference between the two binomial

parameters, p1 and p2 [18]. The P-values were calculated using

Wilcox’s code [19] in R (version 2.60, www.r-project.org). The

95% confidence intervals for p1 and p2 were also obtained by the

Wilson method [74] (R, the binom package). False discovery rate

(q-value) was calculated by the qvalue package in R [20].

Sanger and Pyrosequencing verification
We designed Pyrosequencing PCR and sequencing primers for

the candidate imprinted genes using Pyrosequencing Assay Design

Software Version 1.0.6 (Biotage AB). To guarantee that there are no

SNPs within the primers, SNP positions in the Perlegen database

were labeled and excluded when designing the primers. PCR

amplification for Pyrosequencing was done using TaqGold Enzyme

(Applied Biosystems) with a 45 cycles of 3-step PCR (95uC for 45 s,

46–58uC for 30 s and 72uC for 10–20 s) followed by a final

extension of 10 min. The PCR products (80–300 bp) were purified

by Exonuclease I and Shrimp Alkaline Phosphatase and sequenced

bidirectionally using the original Pyro PCR primers on ABI 3730xl

DNA analyzer (Applied Biosystems) with BigDye Terminator v3.1.

The sequence chromatograms were analyzed with CodonCode

Aligner version 2.0.4 (CodonCode Corporation Software for DNA

Sequencing). PCR products for Pyrosequencing were amplified

using the same condition with biotin labeled forward (or reverse)

primer. The Pyrosequencing was done on a PSQTM 96 MA

Pyrosequencer (Biotage, AB) with the Pyro Gold Reagents (Biotage,

AB). The relative level of the two parental alleles was quantified by

the software for PSQTM 96 MA Pyrosequencer (Version 2.02 RC

5.8, Biotage, AB) using the allele quantification method.
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