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Approximately 100 mouse genes undergo genomic imprinting, whereby one of the two parental alleles is
epigenetically silenced. Imprinted genes influence processes including development, X chromosome inactiva-
tion, obesity, schizophrenia, and diabetes, motivating the identification of all imprinted loci. Local sequence
features have been used to predict candidate imprinted genes, but rigorous testing using reciprocal crosses
validated only three, one of which resided in previously identified imprinting clusters. Here we show that
specific epigenetic features in mouse cells correlate with imprinting status in mice, and we identify hundreds
of additional genes predicted to be imprinted in the mouse. We used a multitiered approach to validate
imprinted expression, including use of a custom single nucleotide polymorphism array and traditional mo-
lecular methods. Of 65 candidates subjected to molecular assays for allele-specific expression, we found 10
novel imprinted genes that were maternally expressed in the placenta.

Genomic imprinting refers to genes that are expressed from
one of the two parental alleles in a parent-of-origin-specific
manner. Thus, far, about 100 mouse imprinted genes have
been identified, with many more genes predicted to be im-
printed (http://igc.otago.ac.nz/home.html) (25, 32). The iden-
tification of novel imprinted genes has become increasingly
important with the realization that imprinting defects are as-
sociated with a variety of complex disorders, such as obesity,
diabetes, and schizophrenia (8, 27, 39, 52).

Given the importance that imprinted genes play in human
health, several studies have tackled genome-wide identification
of imprinted genes (1, 12, 13, 18, 22, 25, 26, 28, 32-34, 36, 37,
43, 46, 48, 50). These studies have done so mainly by experi-
mental methods, with modest success. Recently, computational
prediction of imprinted genes using DNA sequence features
alone has been used for both the mouse and the human ge-
nomes. Data from these studies resulted in experimental vali-
dation of three imprinted genes in the mouse genome, and two
candidate genes from analysis of the human genome may also
be imprinted (26, 36, 37, 50). However, data from reciprocal
crosses are not available for the two genes reported to be
imprinted in humans, which is essential to distinguish im-
printed genes from expression quantitative trait loci (eQTLs).
For example, within the Rasgrfl imprinted domain, expression
of the noncoding AK006067 transcript from the allele found in
C57BL/6 mice is more than 100-fold higher than expression
from the allele found in PWK mice. Without reciprocal F1
crosses, this bias in expression levels would erroneously be

* Corresponding author. Mailing address: Division of Nutritional
Sciences, College of Agriculture and Life Sciences, Cornell University,
211 Weill Hall, Ithaca, NY 14853. Phone and fax: (607) 254-6444.
E-mail: soloway@cornell.edu.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

¥ Published ahead of print on 26 April 2010.

3357

taken as evidence for imprinting (G. Dokshin and P. D. Solo-
way, unpublished data).

Imprinted gene expression is controlled by allele-specific
epigenetic states at imprinting control regions (ICRs), where
allele-specific epigenetic modifications are controlled and/or
placed and which, in turn, regulate imprinted expression. How-
ever, there is little sequence conservation among ICRs, and the
DNA sequences that establish epigenetic states have been de-
fined for, at most, three ICRs (3, 19, 40, 53). Given the essen-
tial roles for epigenetic mechanisms in imprinting, we reasoned
that epigenomic data sets might augment the utility of se-
quence features to identify novel imprinted genes. In support
of this, characteristic epigenetic features have been identified
at gene regulatory elements of both nonimprinted and im-
printed genes (14, 47). Accordingly, we used a variety of se-
quence and epigenetic data to train a set of computational
prediction models, which we then used to identify a list of
candidate imprinted genes. A generalized linear model
(GLM), along with a training array of 53 known imprinted
genes and 84 nonimprinted genes, was used to select epigenetic
and sequence features within each of 11 domains (100, 10, and
1 kb upstream of genes, within genes, 5" untranslated regions
[UTRs], exons, introns, 3'-UTRs, and 1, 10, and 100 kb down-
stream of genes) that aid in prediction of imprinted status. We
next selected 10 genes predicted to be imprinted by 5 or more
of the 11 models and determined their imprinting status using
molecular methods. This identified one novel imprinted gene.
Based on this success, we expanded our candidate list to 1,297
genes that were predicted to be imprinted by 3 or more of the
11 models and then used microarray analysis in a first-tier
screen of 563 of them. Based on the microarray results, we
tested 32 of the 563 genes for imprinted expression by molec-
ular methods, identifying an additional five novel imprinted
genes. After completion of the microarray analysis, we identi-
fied an additional 23 genes that were not included on the
microarray but could be tested using single nucleotide poly-
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morphisms (SNPs) between available mouse strains. Our mul-
titiered computational and experimental screening directed us
to 65 genes that we subjected to stringent molecular testing.
Ten of these were novel imprinted loci, indicating that our
approach is useful for identifying imprinted loci. Furthermore,
the epigenetic signatures that correlate with imprinting may
reflect shared epigenetic regulatory mechanisms that control
imprinting.

MATERIALS AND METHODS

Sequence data collection. Genome-wide information regarding the location of
CpG islands and microRNA (miRNA) clusters within the Known Genes track
was downloaded from the UCSC Genome Browser website (http://genome.ucsc
.edu/cgi-bin/hgGateway; February 2006 build), using the table feature. The lo-
cations of all nonredundant known gene transcripts, exons, introns, 5'-UTRs,
and 3'-UTRs were obtained in the same fashion, and the start and end positions
of the domains 1, 10, and 100 kb upstream of each gene, as well as 1, 10, and 100
kb downstream, were calculated from this information. The list of nonredundant
transcripts was obtained by filtering the list of 31,752 known gene transcripts so
that UCSC Known Gene and RefSeq annotations for a single transcript were not
counted twice. This resulted in a list of 29,544 nonredundant gene transcripts.
Data regarding the locations of experimentally verified and computationally
predicted CTCF binding sites within the mouse genome were obtained from
InsulatorDB (http://insulatordb.utmem.edu/).

Genome-wide data reporting the distribution of the histone modifications
H3K4me3, H3K9me3, H3K27me3, H3K36me3, and H4K20me3 were down-
loaded from (ftp://ftp.broad.mit.edu/pub/papers/chipseq/) for two developmental
stages: embryonic stem cells and embryonic fibroblasts. The raw data were
filtered to include only sites with a read score of 2 or greater. Data describing
sites enriched for histone modifications, calculated either by a sliding window
method or a hidden Markov model, were also downloaded for embryonic stem
cells, embryonic fibroblast cells, and neural progenitor cells (30).

The entire mouse genome was downloaded from the UCSC Genome Browser
website (http://genome.ucsc.edu/cgi-bin/hgGateway; February 2006 build), and
QUADPARSER (http://www-shankar.ch.cam.ac.uk/quadparser.html) was used
to scan the genome for sites with a potential to form G-quartet structures (16).
A custom Perl script was designed to calculate the percent GC within each of the
domains (gene, exon, intron, 5'-UTR, 3'-UTR, +1 kb, +10 kb, +100 kb, —1 kb,
—10 kb, and —100 kb) for each known gene.

For each of the known genes, custom Perl scripts were used to tally the number
of times each of the features of interest occurred within each of the 11 domains
(gene, exon, intron, 5'-UTR, 3’-UTR, +1 kb, +10 kb, +100 kb, —1 kb, —10 kb,
and —100 kb).

Microarray expression data for each of the 155 genes predicted as being
imprinted by five or more prediction models were obtained from the UCSC
genome browser (http:/genome.ucsc.edu/cgi-bin/hgGateway; February 2006
build).

Calculation of correlation coefficients and P values. Correlation coefficients
were calculated using the cor() function in R (http://www.r-project.org/). P values
for the correlation coefficients were calculated using a two-tailed ¢ test and were
considered significant if less than 0.000157 [(P value of 0.05)/319 comparisons]
after Bonferroni correction for multiple comparisons. A total of 319 comparisons
were made when considering 29 sequence and epigenomic features over 11
domains.

Training data set. A list of 53 genes imprinted in the mouse was compiled from
the Imprinted Gene Catalogue (IGC) database (http://igc.otago.ac.nz/home
.html) to use in the training set (see Table S1 in the supplemental material). An
additional 84 nonimprinted genes were included in the training set (see Table
S1). The presumed nonimprinted genes used in our training data set were
identified in a systematic search of the Jackson Laboratories MGI database
(http://www.informatics.jax.org/) for mice with knockout mutations demonstrat-
ing homozygous lethality. We selected those genes that were viable as heterozy-
gotes but that were lethal as homozygotes.

Training procedure. Using the glm() command in R, we fit a logistic regression
model for each of the 11 data sets using the training data. We chose a GLM
because our goal was to identify genes that are imprinted based on information
already known about these genes. Logistic regression is the standard way to
model binary outcomes. In this case the outcome of interest, y_i, is whether gene
i is imprinted or not imprinted. Using stepwise regression to build the model
allowed us to identify the best subset of potential predictors with a training data
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set where the outcome was known. We then applied this model to genes where
the imprinting status was still unknown to obtain the predicted probability that
the gene is imprinted.

Logistic regression was fit using maximum likelihood estimation (MLE), which
avoided assumptions of the ordinary least squares (OLS) method of fitting
models used in standard linear regression, such as the outcome following a
normal distribution, a linear relationship with the predictors, and a normally
distributed error term. Other standard assumptions still apply for our method,
such as independent responses, absence of multicolinearity, and sufficient sample
sizes. Logistic regression did not require linear relationships between the pre-
dictors and the response, as is the case for OLS regression, but it did assume a
linear relationship between the response and the log odds (logit) of the predic-
tors. When the assumption of linearity in the logits is violated, then logistic
regression underestimates the degree of relationship of the response to the
predictors and will lack power, generating type II errors.

The response for our model was whether or not the gene is imprinted, and the
potential predictors were the set of 29 sequence and epigenetic features. The
predictors to be included in the model were chosen using both forward and
backward stepwise selection based on the Akaike information criterion (AIC).
The predictors included in each of the 11 resulting logistic regression models
varied from domain to domain (see Table 1). The resulting 11 models were then
each tested on a corresponding domain data set in which the genes included were
known to be imprinted or nonimprinted.

Test data set. A list of nine mouse imprinted genes was compiled from the
ICG database (http://igc.otago.ac.nz/home.html) to use in the test set (see Table
S4 in the supplemental material). An additional 20 presumed nonimprinted
genes were included in the test set (see Table S4). Presumed nonimprinted genes
used in our test data set were identified as described above.

Candidate list compilation. To obtain a list of candidate imprinted genes to
subject to the pilot experiment for molecular validation, the predicted imprinted
genes identified in each domain were intersected. Only genes predicted to be
imprinted by five or more models were considered in the initial candidate list.
This list was narrowed further by considering proximity to known imprinted
genes (within 1 Mb), number of models predicting each gene to be imprinted,
GO classification, and expression levels.

Tissue collection and RNA preparation for confirmation of imprinting status.
AKR/J and PWD/Ph] reciprocal timed matings were performed by placing males
and females together overnight and checking for evidence of a copulatory plug
the next morning, at day 0.5. For the embryo transfer experiments, FVBn/J
females were superovulated and in vitro fertilized with sperm from C3H/Hel
males. The resulting embryos were transferred to a pseudopregnant recipient
mother of the strain C57BL/6J. Pregnant females were sacrificed at day 17.5
(E17.5) of pregnancy. Whole brain and placenta (lacking the decidua) were
dissected and snap-frozen in liquid nitrogen. Total RNA was extracted from the
F1 brain and placenta samples using the guanidium thiocyanate method. For
each sample, the RNA concentration and the A,40/4,5, ratio were checked using
a NanoDrop ND-1000 spectrophotometer.

SNP and restriction site identification. SNPs were identified in the final
candidate imprinted genes using the Jackson Laboratory Mouse Genome Infor-
matics website. In each case, potential SNPs and 10 bp to either side were
analyzed using the NEB Cutter tool (New England BioLabs) to select SNPs that
overlapped with a restriction site for identification of allele-specific expression.

Confirmation of imprinting by RT-PCR and digestion or sequencing. For each
gene, primers were designed using Primer3 (http://fokker.wi.mit.edu/primer3
/input.htm) to overlap an allele-specific restriction site (see Table S6 in the
supplemental material). Where possible, primers were placed to span introns. To
perform reverse transcription-PCR (RT-PCR), 5 pg of RNA from reciprocal
crosses between polymorphic mouse strains (C57BL/6 X Cast [BXC] or PWD X
AKR [PXA]) was subjected to random primed reverse transcription to make
c¢DNA, which was PCR amplified using the primers in Table S6 in the supple-
mental material. Standard PCR was run with GoTaq DNA polymerase (Pro-
mega) for 40 cycles (95°C for 30 s, 60°C for 30 s, and 72°C for 50 s) followed by
a final extension of 5 min at 72°C. The resulting PCR products (300 to 700 bp)
were either digested with an allele-specific restriction enzyme or Sanger se-
quenced to determine parent-of-origin-specific allelic expression patterns. All
PCR products were sequenced to confirm amplification specificity. (see Fig. S2 in
the supplemental material.)

Identification of SNPs for array-based allele-specific expression analysis.
Genes predicted to be imprinted by three or more models (1,297 genes) were
considered in the initial candidate list. SNPs from mouse strains PWD/PhJ and
AKR/J were identified for each of these candidate-imprinted genes in the Jack-
son Laboratories MGI database (http://www.informatics.jax.org/). Only genes
containing SNPs in the 3'-UTR, or within 1 kb of the 3’ end of the gene, were
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included for experimental validation, narrowing the list to 563 genes. Where
possible, multiple SNPs were used for each gene.

Microarray probe design. A 50-bp sequence to either side of each usable SNP
was collected. Using this information, 12 microarray probes were designed for
each SNP. Four probes contain the SNP centered on the probe and with base A,
T, C, or G at the SNP position. Four probes contain the SNP 1 bp upstream from
the center of the probe with base A, T, C, or G at the SNP position. Four probes
contain the SNP 1 bp downstream of the center of the probe and with base A, T,
C, or G at the SNP position. All 12 probes for each SNP were trimmed to the
same length, which was determined by melting temperature. For each SNP, all 12
probes were between 25 and 31 bp, and the length was chosen so that the melting
temperature of each of the 12 probes was above 50°C. Probe quality was analyzed
using Agilent’s e-array website.

Tissue collection and RNA preparation for microarray hybridization. AKR/J
and PWD/Ph]J reciprocal timed matings were performed and brain and placentae
collected at E17.5 as described above. Total RNA was extracted from two
biological replicates of the F1 brain and placenta samples using the Qiagen
RNeasy lipid tissue minikit. For each sample, the RNA concentration and the
Ase0/Asgg ratio were checked using a NanoDrop ND-1000 spectrophotometer.
RNA quality was determined using the Agilent 2100 Bioanalyzer. All of the
samples hybridized to the microarray had an RNA integrity number between 9.7
and 10.

Microarray experiment. RNA was subjected to oligo(dT)-primed cRNA am-
plification. cRNA was synthesized using cyanine-3-labeled CTP and was hybrid-
ized to a custom Agilent 8 X 15K array by the Cornell Microarray Core facility.
Hybridization was carried out at 50°C. Material from reciprocal crosses was
included to rule out false positives from expression QTLs. RNA hybridized to the
array consisted of two biological replicates of both reciprocal crosses using RNA
from E17.5 brain and E17.5 placenta.

Data analysis and candidate imprinted gene identification. After hybridiza-
tion and washing, the microarray slide was scanned with the Axon 4000B scanner,
and normalized fluorescence intensities were calculated using GenePix Pro 6.0
software and the background subtraction method. One-way analysis of variance
(ANOVA) was performed to compare the averaged normalized fluorescence
intensities of the four nucleotides at each SNP position. In total, the ANOVA
test was done 12 times: once for each of the three probe sets, using materials
from two reciprocal crosses and two tissue types. If the fluorescence intensities
for a gene were found to be unequal, the level of the most highly expressed
nucleotide was compared to that of the second most highly expressed nucleotide
to determine if there was a significant difference. Candidate imprinted genes
selected for molecular analyses were those demonstrating reciprocal monoallelic
expression of the expected SNP nucleotides. From this list, a subset was selected
for further examination based on whether the normalized fluorescence intensity
of the most highly expressed nucleotide was significantly higher than that of the
second most highly expressed nucleotide and whether results from multiple
probe sets were in agreement. After applying these criteria, 32 placenta candi-
dates and 8 brain candidates were subjected to experimental validation by RT-
PCR followed by allele-specific restriction digestion or Sanger sequencing.

Quantification of allele-specific expression levels. The expression levels of the
AKR and PWD alleles were determined as previously described using Sanger
sequencing and the Peak Picker2 software (10, 35). Briefly, F1 genomic DNA
and two to three cDNA biological replicates from both the AXP and the PXA
crosses were amplified using the primers shown in Table S6 of the supplemental
material. PCR products were Sanger sequenced, and the sequence trace files
were analyzed using PeakPicker2 software, which we used to accurately measure
peak heights of the two SNP nucleotides in F1 DNA and the cDNA samples. The
software normalized the peak height measurements for the cDNA samples in
two ways. First, peaks near the SNP positions that carried the same two nucle-
otides found in the SNP positions were measured for all samples, and these were
used to correct for differences in fluorescence intensity between the fluoro-
phores. Second, peak heights from F1 genomic DNA samples, which have equal
contributions from the two strains, were used to normalize for any allelic bias
introduced by either the amplification or sequencing reactions. From these data,
allele-specific expression levels were calculated as a percentage of the total
expression.

RESULTS

Selection of features to use for prediction. To use DNA
sequence and epigenomic features for identifying novel im-
printed genes, we first selected a set of features we anticipated
might correlate with imprinting status and for which genome-
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wide data sets were available. DNA sequence features we con-
sidered included GC content, CpG islands, miRNA clusters,
and predicted G-quartet sites (16). The genome-wide epige-
netic and chromatin features we considered were predicted
and verified CTCF binding sites (http://insulatordb.utmem.edu
/help.php) and several histone states, including H3K4me3,
H3K9me3, H3K27me3, H3K36me3, and H4K20me3 (30).
These histone states were characterized in embryonic stem
(ES), mouse embryonic fibroblast (EF), and neuronal progen-
itor (NP) cells by chromatin immunoprecipitation (ChIP)-chip
and ChIP-seq analyses (30). We used three measures of his-
tone modification enrichment; a hidden Markov model
(HMM) and the sliding window method (WIN), as originally
reported, and the raw data with read scores greater than 2 (30).

These sequence features were selected for specific reasons.
GC percentage and CpG islands were examined because the
differential methylation that is associated with imprinted genes
is usually placed on cytosine residues, specifically, cytosine
residues that are followed by guanine residues. In fact, a recent
paper compared sequence features within human, mouse, and
cattle and correlated these two features with imprinted genes
for 20 genes known to be imprinted in all three species (21).
miRNA clusters were included because several known im-
printed gene regions are associated with miRNA clusters, in-
cluding the G#/2/DIkI imprinted cluster on mouse chromosome
12 and the well-studied H19/Igf2 imprinted cluster on mouse
chromosome 7 (5, 38). Additionally, miRNA clusters have
been implicated as having a role in DNA methylation in both
plants and mammals (41). CTCF binding sites, both experi-
mentally validated and computationally predicted, were exam-
ined because CTCF binds to methylation-sensitive enhancer
blocking elements, leading to silencing of the allele to which it
is bound. For example, CTCEF is associated with allele-specific
silencing at imprinted genes such as H19/Igf2 and Rasgrfl (2,
54). Predicted G-quartet sites were included because the sec-
ondary structures that they form can affect the ability of DNA
methyltransferases to methylate the underlying DNA se-
quence, and imprinted expression relies heavily on DNA meth-
ylation (44).

Finally, data on the genome-wide localization of five histone
modifications in three developmental stages were included in
the analysis (30). The specific modification we studied is tri-
methylation of various lysine residues present in the N-termi-
nal histone tails. The addition of methyl groups to the various
lysines can have a dramatic effect on the expression of any
genes to which these histones are bound. Of the five modifi-
cations examined, H3K4me3 and H3K36me3 are marks of
active genes or euchromatin, while H3K9me3, H3K27me3, and
HA4K20me3 are marks of repressed genes or heterochromatin.
Despite the dramatic effect these marks can have on gene
expression, little is understood about what controls the place-
ment of these modifications. We focused on these specific
histone modifications, because overlapping H3K4me3 and
H3K9me3 marks within ICRs, have been correlated with im-
printing status in the past and H3K27me3 is known to have an
antagonistic relationship with DNA methylation (24, 30).
There were a total of 29 sequence and epigenetic features in
our analysis.

Histone modifications strongly correlate with known im-
printed genes. Before any attempts at model training were
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FIG. 1. Correlation of features in each domain with imprinting. For
the 11 domains examined, the correlation coefficients were calculated
for the 29 features using the cor() function in R. P values for corre-
lation coefficients were calculated using a two-tailed ¢ test and were
considered significant if less than 0.000157, after Bonferroni correction
for the 319 comparisons (see Table S2 in the supplemental material for
the values). Log-transformed P values were calculated and depicted in
a heat map, in which a log-transformed P value less than —8.76 was
significant. The significance levels of the log-transformed P values are
indicated by a color gradient, with colors at the red end of the gradient
representing higher levels of significance. This figure does not indicate
the direction of correlation. However, Table S3 in the supplemental
material, which lists the correlation coefficients used to derive the P
values represented in this figure, provides this information. Features
are clustered by similarities in P value distributions according to the
dendrogram on the left. The cell sources for each of the histone
modifications data sets are indicated (ES, EF, and NP), as is the
method used to calculate histone modification enrichment (HMM or
WIN) (30).

made, we used R (http:/www.r-project.org/) to determine
whether any of the epigenomic and sequence features we had
collected correlated with the imprinting status of known im-
printed genes. For this test, we used a set of 53 known im-
printed genes (see Table S1 in the supplemental material),
comparing them to 29,544 nonredundant mouse transcripts.
The list of nonredundant transcripts was obtained by filtering
the list of 31,752 known gene transcripts so that UCSC Known
Gene and RefSeq annotations for a single transcript were not
counted twice. For each gene, we compared features present in
11 different domains relative to the transcription start site: 100
kb upstream, 10 kb upstream, 1 kb upstream, 5'-UTRs, exons,
introns, 3’-UTRs, within genes (including 5’-UTRs, exons, in-
trons, and 3’-UTRs), and 1 kb downstream, 10 kb downstream,
and 100 kb downstream. From the correlation analysis, a pat-
tern of histone modifications associated with imprinted genes
emerged (Fig. 1). In general, the repressive histone modifica-
tions H3K9me3, H3K27me3, and H4K20me3 tended to be
associated with imprinted genes in any of the three cell types
and over nearly all of the 11 domains. Furthermore,
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H3K36me3, a histone modification enriched in active chroma-
tin, was associated with nonimprinted genes in the domain 10
kb downstream of genes. The positive association between
H3K9me3, H3K27me3, and imprinting is in close agreement
with their documented role in mechanisms controlling im-
printed DNA methylation at Rasgrfl. At that locus, H3K27me3
excludes DNA methylation from the unmethylated maternal
allele and H3K9me3 is needed for optimal placement of DNA
methylation on the methylated paternal allele (24). Because
the associations we found among H3K9me3, H3K27me3, and
imprinting were known to be mechanistically relevant, this
provided a measure of confidence in our approach. Additional
positive correlates included predicted G-quartet sites, miRNA
clusters, and verified CTCF binding sites.

Histone modifications are important predictors of im-
printed status. Having found significant correlations between
imprinting status and several of 29 sequence and epigenetic
features across the 11 domains, we sought to use these corre-
lations to identify novel imprinted genes. This required that we
develop more refined statistical models. To do this, we trained
a set of 11 GLMs, one model for each domain. Model training
involved several steps. First we selected a training set of 53
known imprinted genes and 84 likely nonimprinted genes to
constrain our modeling. Model development required such a
training set. Next, we used R to fit a logistic regression model
for each of the 11 domains. For each domain’s model, this
entailed adding epigenetic and sequence features, one at a
time, to identify the features that improved a model’s ability to
identify the imprinted genes among the training set. In addi-
tion, features were considered in combination with one other,
meaning that if a given feature by itself was not a good pre-
dictor of imprinting status, but in combination with other fea-
tures improved the predictive power for a given model, then
that feature was retained by the model. Finally, we allowed our
GLM the choice to discard one feature at the end of each
round of analysis, if this improved the predictive power of a
model. Because features were eliminated during model devel-
opment, none of the final models included all sequence or
epigenetic features. Also, although the genes included in the
training set were the same for each model, the feature density
varied for the 11 models because each model represented a
different gene domain (e.g., +100 kb, +10 kb, +1 kb, within
genes, 5’-UTR, introns, exons, 3'-UTR, —1 kb, —10 kb, or
—100 kb). For this reason as well, not all features were equally
important in all models.

The model significance level assigned by R for each of the
features of interest in each domain examined is shown in Table
1. From this modeling, several features of interest stand out as
effective predictors of imprinting. Six histone features were
predictive of imprinted status in at least 7 of the 11 GLM: ES
H4K20me3 (HMM) in 9 of 11 models; EF H3K36me3, ES
H3K27me3, ES H3K4me3 (HMM), ES H3K27me3 (HMM),
and ES H3K36me3 (HMM) in 7 of 11 models. The most
included nonhistone features were CpG islands clusters, used
in 6 of the 11 prediction models, and percent CG and miRNA
clusters, used in 5 of the 11 prediction models. Likewise, the
features that were identified as being highly significant in the
greatest number of prediction models were the histone modi-
fications ES H3K27me3 and EF H3K36me3.
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TABLE 1. Features included in prediction models, by domain®

Significance level for domain No. of models with No. of Total no.
Feature indicated P value positive of
100up  10up  lup  5-UTR  Ingene  Exons Introns  3-UTR  1dn  10dn  100dn  <0.001  <0.005 <005  models models

G-quartets + * * 0 0 2 1 3
miRNA + + + + + 0 0 0 5 5
CpG island * o * + + + 0 1 2 3 6
Verified CTCF + * 0 0 1 1 2
Predicted CTCF o o + * 0 2 1 1 4
EF H3K4me3 * o 1 0 1 0 2
EF H3K9me3 + * 0 0 1 1 2
EF H3K27me3 + o + * ok 2 0 1 2 5
ES H4K20me3 o * + wx * * 0 2 3 1 6
ES H3K4me3 o o + * * 0 2 2 1 5
ES H3K9me3 * o * o * 0 2 3 0 5
ES H3K36me3 e * + * o 1 1 2 1 5
ES H3K4me3 (HMM) + * ok + * * * 1 0 4 2 7
ES H3K9me3 (HMM) + + o + * 0 1 1 3 5
ES H3K27me3 (HMM) + + w + * + + 0 1 1 5 7
ES H3K36me3 (HMM) + * + wE HAE * o 0 3 2 2 7
ES H4K20me3 (HMM) ek + + * + o + + A 2 1 1 5 9
ES H3K4me3 (WIN) * * * o 0 1 3 0 4
ES H3K9me3 (WIN) + * * 0 1 1 1 3
ES H3K27me3 (WIN) * * + * HE 1 0 3 1 5
EF H3K4me3 (WIN) * + 0 0 1 1 2
EF H3K9me3 (WIN) * + 0 0 1 1 2
EF H3K27me3 (WIN) * + + 0 0 1 2
NP H3K4me3 (WIN) * + 0 0 1 1 2
NP H3K9me3 (WIN) + 0 0 0 1 1
NP H3K27me3 (WIN) o * * * 0 1 3 0 4

“ The model significance level assigned by R is shown for each of the features of interest in each domain examined. Column heading notations such as 100up indicate 100 kb upstream, etc. *xx, P < 0.001; =, P <
0.01; *, P < 0.05 (meets the standard cutoff). A blank cell indicates that the sequence feature was not included in the model, and a plus sign indicates that the feature itself was not significant but improved the predictive
power and was included in the model. The column on the far right reporting the total number of models is a tally of the number of prediction models in which the sequence feature appeared. The cell type used for each
of the histone modifications data sets (ES, EF, or NP) is indicated.
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Model sensitivity and specificity. To assess the effectiveness
of our prediction method, we analyzed a separate set of 29
genes using our 11 logistic regression models. This set included
9 known imprinted and 20 likely nonimprinted genes, none of
which was included in our training data set (see Table S4 in the
supplemental material). From our analysis of the test set, we
determined the sensitivity of our models, calculated as the
number of known imprinted genes in the test data set that were
correctly identified as imprinted, and their specificity, calcu-
lated as the number of nonimprinted genes in the test data set
that were correctly identified as nonimprinted. Within each
model, we identified genes as predicted to be imprinted if P,
the probability the gene is imprinted, was greater than or equal
to 0.8.

When we used stringent prediction criteria, requiring that
five or more models predict a gene to be imprinted, sensitivity
was 60.7% (six of nine known imprinted genes were called
imprinted), while specificity was 100% (none of 20 nonim-
printed genes was called imprinted). The six genes correctly
identified in the test data set were Air, Ddc, Inpp5f v2, Pegl0,
Sfmbt2, and Th. The sensitivity did not increase when we used
less stringent criteria, requiring that only three or more models
predicted imprinting, although the specificity dropped to 95%.
In this case, 1 of 20 nonimprinted genes, Myh6, was incorrectly
predicted to be imprinted, assuming our criteria for identifying
nonimprinted genes were valid. If the stringency was increased,
requiring that six or more models predict a gene to be im-
printed, the sensitivity fell to 33.3% (three of nine known
imprinted genes were called imprinted). Since no sensitivity
was gained with a stringency lower than prediction based on
five or more models, we used this stringency level for our
first-tier analysis.

Genome-wide prediction of imprinted status reveals models
are not biased. For our first tier of the genome-wide analysis,
we used our 11 models to query 29,544 mouse transcripts for
their predicted imprinting status. When genes predicted as
imprinted by five or more models were considered, we iden-
tified a candidate list of 155 genes (Table 2). We were
concerned that this list of genes was biased by the presence
of an adjacent known imprinted gene, whose ICR may act
over a large genomic domain. This did not appear to be the
case, as there was at least one gene that was predicted as
nonimprinted between each of our 155 candidates and the
nearest known imprinted gene. Reassuringly, four of the five
known mammalian microimprinted genes were correctly
predicted as imprinted: Napll5, Nnatl, InppSf v2, and
U2aflrsl, and the imprinting status of three of the host
genes in which the microimprinted genes are located was
correctly classified as well (see Table S5 in the supplemental
material). In the two instances where the host gene was
incorrectly classified, they were classified as nonimprinted.

Experimental testing revealed one novel maternally ex-
pressed gene. We then set up a pilot experiment to test a subset
of the 155 candidate genes predicted as imprinted by five or
more models for experimental evidence of imprinting. Genes
were selected for experimental validation using a variety of
criteria. First, we selected genes that were categorized as im-
printed by 8 or more of the 11 prediction models. Second, since
many imprinted genes occur in clusters, we selected the genes
predicted as imprinted by five or more models that also fell
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within 1 Mb of known imprinted genes. Third, we selected
genes predicted as imprinted by five or more models that also
fell into GO categories that are significantly overrepresented in
imprinted genes (see Fig. S1 in the supplemental material).
Finally, genes that were not only expressed but also were ex-
pressed at high levels in either brain or placenta were selected
for further testing. From the selected genes, we identified
those containing SNPs between the AKR/J (AKR) and PWD/
PhJ (PWD) mouse strains. A total of 11 out of the 155 candi-
date genes were ultimately selected for experimental validation
(Table 2, genes shown in boldface). One of these was Th, which
was not listed as imprinted in the Otago database (http://igc
.otago.ac.nz/home.html) at the time we assembled our se-
quence data for the 29,544 mouse transcripts but was subse-
quently reported as imprinted (37). The remaining 10 genes
selected for experimental validation were tested for evidence
of imprinting in E17.5 mouse placenta. For each test, we used
biological replicates of F1 crosses between the polymorphic
mouse strains AKR and PWD. Importantly, we analyzed ma-
terials from reciprocal crosses to control for strain-specific
expression QTL. This differs from previous attempts to vali-
date predicted imprinted genes in humans, which could not use
reciprocal F1 crosses to assess imprinting status and hence
could not distinguish imprinting from expression QTL (26).
We dissected the embryonic component of the placenta for this
analysis and also did controls to verify that our dissections
effectively excluded maternal tissue contamination (see be-
low). RT-PCR primers were designed to span SNPs that al-
lowed us to determine which allele(s) was expressed (see Table
S6 in the supplemental material). We used two different ap-
proaches to identify expressed alleles. One entailed sequencing
the RT-PCR product; the other relied on amplifying SNPs
within restriction sites and digesting the PCR products. In
cases where imprinting is absolute, we expect to see no expres-
sion whatsoever from the silenced allele. However, many im-
printed loci exhibit a bias in allelic expression, for which both
alleles are expressed but one parental allele is preferentially
expressed (46). In addition, for some genes where imprinting is
absolute in some tissues, there is a bias in allelic expression in
other tissues (33). Furthermore, according to the widely ac-
cepted conflict theory describing the emergence of imprinting,
biased expression is expected as an intermediate phenotype
during selection for imprinted status (31). It is easy to discern
genes with absolute imprinted expression. We identified genes
with imprinting biases on the basis of consistently more intense
bands or higher sequencing peaks from one of the parental
alleles in our biological replicates and our reciprocal crosses.
One of the 10 genes tested in placenta, Cntn3, showed clear
and exclusive maternal allele-specific expression by restriction
digestion of PCR products from AKR and PWD reciprocal
crosses, consistent with the imprinted status predicted by our
models (Fig. 2A). PCR amplification specificity was confirmed
by sequencing the PCR product (see Fig. S2 in the supplemen-
tal material). This gene is not likely to be regulated by ICRs in
known imprinting domains; the imprinted gene closest to
Cntn3 on chromosome 6 is 44 Mb away (Napll5) (http://igc
.otago.ac.nz/home.html). We also tested each of these 10 genes
for imprinted expression in E17.5 brain, but we saw no evi-
dence of imprinted expression in brain at this developmental
time point.
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TABLE 2. Genes predicted as being imprinted by five or more models

o No. of o No. of o No. of

Gene models Gene models Gene models
Gpa33 ... .10 Vil2 6 Gng2 5
6430706D22Rik .. .10 Vnn3 6 Grhi2 5
Dusp27 ............ .. 9 wadr27 6 Hlcs 5
Midl......... ) Zfpll 6 Hoxal0 5
BC096660..... .. 8 Zfp286 6 Hoxb9 5
Rpol-4...... .. 8 Zmat4 6 Hoxc4 5
THY oo, .. 8 3110070M22Rik ... 5 Hps3 5
9530015I07Rik ... w7 4921537P18Rik 5 Hunk 5
AS530088HOSRik . w7 4930417M19Rik 5 Ifitm7 5
AKO016821 ....... w7 4930539E08Rik 5 Irf8 5
AK046026 ... w7 4933403G14Rik 5 Kcnmb4 5
BC005471 .... w7 5330420D20Rik 5 Kit 5
BC099500....... w7 6430573F11Rik 5 Lairl 5
C030011J08Rik w7 A030007L.22 5 Lgil 5
Hoxcl3............ w7 A630008104 5 LOC432436 5
Slc38al w7 ABI25595 5 LOC432823 5
Syt3. w7 Adam18 5 Maml13 5
Ugtlal w7 Agmn 5 Metapll 5
Zfp629............. w7 AK004563 5 Mstlr 5
1700029]07Rik ... ) AK016553 5 Neud 5
4930478A21Rik .. ) AK029828 5 Nfasc 5
9130017C17Rik .. ) AK052253 5 Nhlrcl 5
A830031A19Rik . ) AKI131836 5 Oasl] 5
AK143924........ ) AK133237 5 o2 5
Ankl......... ) AKI138193 5 Oxsm 5
BC046305 .... e 6 AKI140614 5 Pagl 5
BC048950..... ) AKI146072 5 Parva 5
BC065085 ... . 6 AKI47510 5 Pcgf4 5
BC089472.... ) AKI154031 5 Pigl 5
Bcemol ...... .. 6 AKI158329 5 Pitx2 5
Cdhl5 ) Amph 5 Piwill 5
Cmah ) B230363K08Rik 5 Pkpl 5
Cyp2j13 ) BC006684 5 Pnpt1 5
Dynltl .. 6 BC007165 5 Prss35 5
Edar ..... ) BC054080 5 Ptfla 5
Gm944 .. 6 Bcllla 5 Ptprn2 5
Hmox2 .. 6 Bsnd 5 Rgs8 5
13ra...... .. 6 Cd244 5 Rnf36 5
Keng?2 ... .. 60 Cd59 5 Scin 5
LOC629678. ) Cdhl3 5 Shcbpl 5
LOC633640. ) Cflar 5 Slc6al7 5
Nef3.............. .. 6 Chrnb3 5 Sspn 5
Neurod2 .. 0 Cntn3 5 Syt9 5
Odz4......... .. 6 Cryba2 5 Tcaml 5
UgtlalO .. 6 Cyp4f15 5 Tmprss2 5
Ugtla2.. ) Denndla 5 Trpc2 5
Ugtla5 .. 6 Dspp 5 Ube2l6 5
Ugtlaba .. 6 Enpp3 5 Xkrs 5
Ugtla6b .. 6 Fbxo40 5 Zfp160 5
Ugtla7c .. 6 Fycol 5 Zfp180 5
Ugtla9. .6 Gm889 5 Zfp445 5
Umodll ..., 6 Gnaol 5 Zfp706 5

“ Genes shown in boldface represent the 11 of the 155 candidate genes that were ultimately selected for experimental validation.
® Th was identified as a known imprinted gene after we had compiled our initial list of known imprinted genes.

Microarray validation of 563 candidate imprinted genes
yielded 9 additional novel imprinted genes. Having demon-
strated that the computational prediction method greatly in-
creased our ability to identify imprinted genes (1 of 10 tested
in our pilot experiment), we designed a custom microarray to
experimentally test a larger number of candidate genes for
evidence of imprinting. The 1,297 genes considered for testing
by this approach were predicted as imprinted by three or more
of the prediction models. For each gene, 3'-biased SNPs were

identified between the AKR and PWD mouse strains. Appro-
priate SNPs were available for 563 of the 1,297 candidate
genes. We designed 12 probes for each SNP. Each probe car-
ried one of the four possible nucleotides in the SNP location,
which was at three positions (—1, 0, and +1) relative to the
center of the probe. When possible, we used multiple SNPs per
gene.

Each slide contained eight identical arrays, to which we
hybridized two biological replicates each of E17.5 brain and



3364 BRIDEAU ET AL. MoL. CELL. BIOL.

A cntn3 Th

Qpct Ans

A P AxP  PxA AxP PxA A P AxP PxA AxP PxA

c@t c@r ot o o@lT ¢ [{r |§~,0|g—_|c c[fc c@c chfec ¢ @c o[
f (\ -l \
(\A\ \ /\A\ @&‘ AA,Q M M\ /w\
Wi1- SNP1 Wt1-SNP2

A P AxP  PxA AxP  PxA A P AxP  PxA AxP PxA

c [{le c@e ¢ [{s c [gle c@ec c[Ee T[E]A “rwmA T [Ea Tm, 150@:\ r [{a

o bk

FIG. 2. Maternal allele-specific expression of 10 novel imprinted genes. We amplified placental cDNA from E17.5 embryos prepared using reciprocal
crosses between AKR/J (A) and PWD/PhJ (P) mice, as well as from the parental strains. For the labels shown in the figure, the maternal strain is written first.
PCR primers were specific to Cnm3 and Th, 2 of the 10 candidate genes from our pilot study (A), and the nine candidate genes from the expanded analysis,
Drdla, Scin, KlrbIf, Cmah, MstIr, Fbxo40, Qpct, Art5, and Wil (B). PCR products were digested overnight with restriction enzymes specific for one parental allele
and run on 3% agarose gels. All 10 genes, and 7h, showed expression patterns consistent with maternal allele expression. For those genes lacking restriction
enzymes at SNP positions, we sequenced the PCR products. Traces overlapping the SNP positions (blue shading) are shown. M, 1-kb DNA marker.
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placenta RNA from AKR/PWD reciprocal crosses, for a total
of one sample per array. After hybridization, washing, and
scanning the array, we performed a one-way ANOVA to com-
pare the normalized fluorescent intensities of the four nucle-
otides at each SNP position. This first-tier analysis provided
suggestive evidence for imprinting of 40 genes (32 in placenta,
8 in brain). For each of these genes, the microarray expression
results agreed for more than one of the probe sets described
above. We examined all 40 genes for definitive second-tier
testing using RT-PCR followed by allele-specific restriction
digestion or Sanger sequencing. In addition to these 40 genes,
we also performed direct molecular analysis on an additional
23. Those 23 genes were predicted as imprinted by five or more
of our models; however, there were no 3’ biased SNPs, which
were needed for optimal analysis on the microarray. Of the 63
genes we tested by these definitive molecular methods, we
discovered 9 more novel genes imprinted in placenta (ArtS,
Cmah, Drdla, Fbxo40, Klrb1f, Mstlr, Qpct, Scin, and WtI), for
a total of 10 new imprinted loci (Fig. 2B). Expression patterns
of each of these nine genes were also examined in E17.5 brain
from reciprocal crosses, but none showed evidence of imprint-
ing in this tissue at this developmental time point.

Scin showed strong imprinting with exclusive expression
from the maternal allele in placenta, as we found for Cntn3 and
Th. The remaining genes were partially imprinted, with biased
and not exclusive expression from one parental allele. The bias
toward maternal allele expression was apparent for KlrbIf, for
which the slowly migrating maternal PWD band was the major
species in PXA crosses, whereas the faster migrating maternal
AKR bands were the major species in the reciprocal AXP
crosses. A maternal expression bias was also seen for Opct and
Wtl1, for which the sequence traces showed large peaks that
corresponded to maternal expression, but small peaks indicat-
ing paternal expression were not completely silenced. This was
also true for Art5; however, the bias toward maternal expres-
sion was slight.

Maternal expression bias is due to imprinting and not am-
plification bias or eQTL. Our analyses of Drdla, Cmah, Mstrl,
and Fbxo40 also showed evidence of maternally biased expres-
sion, but the evidence was more apparent for one direction of
the cross than the other. This result is expected for partially
imprinted quantitative trait loci for which allelic expression
level varies with the strain of origin (eQTL), in addition to
varying with parent of origin. It is also expected for partially
imprinted genes when there are strain-specific differences in
the efficiency of RT-PCR amplification, which can arise be-
cause of particular SNPs or mRNA secondary structures. Both
of these cases represent strain biases in amplification that
should not be confused with a parent-of-origin bias, which
defines imprinting. For genes that are both partially imprinted
and influenced by strain biases, the evidence for imprinting will
be strongest in the reciprocal cross for which the partially
silenced allele is from the strain with the lower level of expres-
sion or amplification. When the partially silenced allele is from
the strain with the higher level of expression or amplification,
there will be clear evidence for expression of both alleles. It is
important to note that for genes with strain biases and no
imprinting, both directions of the reciprocal cross should pro-
duce equal intensities of the bands. Drdla and Cmah showed
predominantly maternal allele expression in AXP crosses. The
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apparent expression from the paternal AKR allele in the re-
ciprocal PXA cross is consistent with both biased imprinted
expression from the maternal allele and biased amplification of
AKR alleles for both genes. The weakly amplified PWD allele
showed more prominent expression when maternally inherited,
consistent with maternally biased imprinted expression for these
genes. Mstrlr showed nearly exclusive expression from the mater-
nal PWD allele in PXA crosses, as indicated by the lack of the
fastest migrating band, diagnostic of expression from the paternal
AKR allele. The AKR-specific band was apparent only in the
reciprocal AXP crosses. In AXP, the expression from the pater-
nal PWD allele is consistent with partial imprinted expression
from the maternal allele and a strain bias that generates quanti-
tatively higher PWD amplification. Fbxo40 also shows partial im-
printing with maternally biased expression in the PXA cross. This,
too, is consistent with preferential expression of the maternal
allele and higher amplification of the PWD allele relative to
AKR.

To assess directly if there were any strain biases in amplifi-
cation, we included two controls. In the first, we performed
quantitative PCR analysis to determine if each of the four
genes had expression differences in the two strain backgrounds
we used. Our results showed that for three of the genes, Cmah,
Fbx040, and Mst1r, expression levels were equivalent in the two
strain backgrounds (see Fig. S3A in the supplemental mate-
rial), indicating strain amplification biases were probably not
due to eQTL. In the second control, we mixed cDNA prepared
from the two pure inbred strains at 3:1 (AKR:PWD), 1:1
(AKR:PWD), and 1:3 (AKR:PWD) ratios, PCR amplified
each of these mixtures using the same primer pairs used for the
imprinting analysis, and digested the resulting PCR products
with the restriction enzymes used for the imprinting analysis.
For Cmah and Drdla, an AKR strain amplification bias was
seen, which explains why evidence for imprinting was most
apparent in the AXP cross (see Fig. S3B). It is worth noting
that expression of Drdla in the PWD pure inbred strain was
approximately 1.5 times higher than in the AKR pure inbred
strain based on quantitative real-time PCR analysis, indicating
that there is a very strong amplification bias for the AKR allele.
Fbxo40 and MstIr did not show any amplification or expression
bias, so we added a third biological replicate for these genes, as
well as for Cmah and Drdla, and the results of the third
biological replicate confirmed the results seen with the other
two biological replicates (see Fig. S4 in the supplemental ma-
terial). This provides additional support for our conclusions
that Drdla, Cmah, Mstrl, and Fbxo40 are in fact imprinted,
with maternally biased expression.

Quantification of allele-specific expression confirmed im-
printing. Because a subset of our novel imprinted genes dem-
onstrated evidence of amplification bias or eQTL, based on
allele-specific restriction digestion, quantitative PCR, or mix-
ing experiments, we quantified the expression levels from both
parental alleles for each of the genes that did not show rigid
imprinting. We did this by PCR amplifying two cDNA biolog-
ical replicates from both the AXP and the PXA crosses, gel
purifying the PCR products, and performing Sanger sequenc-
ing, and then the sequence trace files were analyzed using the
PeakPicker2 software. This allowed us to quantify the percent
expression from the two parental alleles (10, 35). As a control,
we also did this analysis with DNA from F1 mice, which have
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FIG. 3. Quantitation of maternal and paternal allele expression levels. The expression levels of the maternal and paternal alleles were
determined as previously described using Sanger sequencing and the Peak Picker2 software (10, 35). For each gene, the expression level for both
parental alleles is reported as a percentage. Error bars represent standard errors. Each gene was queried by at least one SNP and, whenever
possible, data from multiple SNPs were used. For Wt, Cmah, and Fbxo40, two SNPs were available. Three and six SNPs were available for Opct
and KIrbIf, respectively. The data reported represent combined results from all available SNPs. Differences in expression levels of the maternal
and paternal allele were significant in every case, as determined by a one-tailed ¢ test. *, P < 0.05; #*, P < 0.005; =%, P < 0.001.

precisely equal allelic contributions from the AKR and PWD
backgrounds. Each of the novel imprinted genes analyzed by
this method showed a clear and significant imprinting bias,
with expression predominantly from the maternally inherited
allele (Fig. 3; see also Fig. S5 in the supplemental material).
Novel imprinted genes are not likely to be regulated by
known ICRs. These novel imprinted genes are not likely to be
regulated by known ICRs, as they are all located greater than
3 Mb from known imprinted clusters. Furthermore, Cmah,
Drdla, and Fbxo40 are located on chromosomes not previously
known to contain imprinted genes (Table 3). This gave us
further assurance that our model was not biased by nearby
known imprinted genes and was capable of identifying novel
imprinted genes outside of known imprinted clusters.
Maternal tissue contamination was negligible. Because all
the novel imprinted genes we discovered were maternally ex-
pressed in placenta, we were concerned that our dissections
may not have rigorously excluded maternal material and that
the genes were in fact expressed from contaminating tissue
from the inbred mother and not from the F1 embryonic pla-
centa. To rule out such false positives, we included several
controls. In the first, we assayed the placental samples used in
our imprinting assays for allele-specific expression of Magel2,

which is reported to be expressed exclusively from the paternal
allele in placenta and is also expressed in the maternal decidua
(4). Our analysis showed Magel2 expression was exclusively
from the paternal allele of the embryo (Fig. 4C). There was no
expression from maternal sources, indicating that maternal
tissue contamination was negligible (Fig. 4D). We also per-
formed a second more rigorous control. We transferred F1
embryos from an FVBn/J (biological mother) X C3H/Hel
(father) cross to a pseudopregnant recipient mother of the
strain C57BL/6J, and at E17.5 we dissected part of the embry-
onic portion of the placenta from the remaining tissue that
included maternal contributions to the placenta. This was pre-
cisely how we prepared the embryonic placental samples used
in our earlier assays. We then performed allele-specific expres-
sion analysis of two housekeeping genes (B2M and Tuba?) that
carry polymorphisms that distinguish expression from the
C57BL/6J (recipient mother), FVBn/J (biological mother), and
C3H/HeJ (father) alleles, using two biological replicates. If our
dissections of embryonic F1 placental tissue effectively ex-
cluded the maternal deciduae, then we would expect to detect
expression of only FVBn/J and C3H/HeJ alleles and not from
C57BL/6J alleles in the RNA we isolated. Placental portions
that included the maternal deciduae should have expression

TABLE 3. Summary of 10 novel imprinted genes

Novel imprinted Expressed allele

Chromosomal location®

Distance (Mb) to nearest known

gene imprinted gene (gene name)
Art5 Maternal (bias) Chr 7, 101970700-101974050 26 (Inpp5f)
Cmah Maternal (bias) Chr 13, 24334885-24484750 —*
Cntn3 Maternal Chr 6, 102129404-102430765 43 (Nap115)
Drdla Maternal Chr 13, 54060805-54065279 —
Fbxo40 Maternal (bias) Chr 16, 36885312-36898375 —
KirbIf Maternal Chr 6, 128672127-128688665 70 (Nap115)
Mstlr Maternal Chr 9, 107764990-107778482 18 (Rasgrfl)
QOpct Maternal Chr 17, 78956964-78995301 66 (Air)
Scin Maternal Chr 12, 40570196-40644651 27 (Mirn337)
Wil Maternal Chr 2, 104927368-104974453 17 (Gatm)

“ The chromosomal (Chr) location is based on the UCSC February 2006 build.
® —, no imprinted genes reported on this chromosome.
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FIG. 4. Maternal tissue contamination was negligible. Placentae from E17.5 embryos were dissected to either retain or eliminate the maternal
decidua. RNA was extracted from tissues, cDNA was synthesized, and RT-PCR was performed using primers specific to four genes: B2M, Tuba2,
Magel2, and Opct. Whenever possible, primers were designed to span an intron and, in each case, amplified an SNP between the strains AKR/J
and PWD/PhJ. The available SNPs for Magel2 and Tuba2 did not overlap with allele-specific restriction enzyme sites, so PCR products were gel
purified (Qiaex Quick Spin; Qiagen) and sequenced. (A, B, and E) The placentae were from embryo transfer experiments where the biological
mother was FVBn/J (M), the father was C3H/HeJ (F), the recipient mother was C57/BL6J (R), and both biological parents shared an SNP, which
differed from the recipient mother. For both Tuba2 and Qpct, the biological mother and the father share the C allele while the recipient mother
contains the T allele. In each case, there was no evidence of expression from the recipient mother in the embryo-derived portion of the placenta,
indicating that our dissection method eliminated maternal tissue contamination. (C) We tested for imprinting of a known paternally expressed
gene, Magel2. The placentae used for this analysis were from natural matings between PWD/PhJ mothers (C allele) and AKR/J fathers (T allele).
In the samples containing both the embryo-derived portion of the placenta as well as the maternal decidua, expression from the maternal PWD/PhJ
allele was evident, indicating that Magel2 is expressed in the maternal decidua. However, the samples containing only embryo-derived portions of
the placenta showed no evidence of expression from the maternal PWD/PhJ allele, as expected for a paternally expressed imprinted gene, and
indicated that maternal tissue did not contaminate our dissections of the embryo-derived portion of the placenta. (D) Placentae from the same
reciprocal F1 samples used in Fig. 2. Magel2 expression was exclusively from the paternal allele, indicating that maternal tissue contamination in
these samples was negligible. Lane M, 1-kb DNA marker.

|
|

from C57BL/6J alleles. This is what we observed in each test, above, we were able to directly test for maternal contamination
indicating there was no evidence of maternal tissue contami- of one of our novel maternally expressed imprinted genes,
nation and that our dissections effectively excluded maternal Opct. In the QOpct assay, the FVBn/J biological mother and the
tissue from the fetal portions of the placentae (Fig. 4A and B). C3H/He] father share one SNP (a C allele in sequence traces),
Using the same ¢cDNAs from the embryo transfer experiment while the C57BL/6J recipient mother contains a different SNP
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(T allele in sequence traces). Therefore, if this gene is truly
imprinted, we would expect to see expression from the C allele
shared by the FVBn/J and C3H/HeJ mouse strains and no
expression from the C57BL/6J T allele. The results from this
analysis, shown in Fig. 4E, confirmed that our claim that Opct
is imprinted was not confounded by maternal tissue contami-
nation. There was no detectable expression of maternal Opct in
material rich in decidual RNA, again providing confidence that
our observation of Opct imprinting was unaffected by decidual
contamination (Fig. 4E) and that our dissections effectively
eliminated maternal tissue contamination.

DISCUSSION

Computational prediction using sequence and epigenomic
data identified 10 novel imprinted genes. Here we have de-
scribed a computational approach to identify novel imprinted
genes in mice. This differs from other sequence-based predic-
tion algorithms in that it includes epigenetic features as well as
sequence features. Using a series of 11 prediction models that
correspond to 11 domains surrounding 29,544 transcripts, we
identified a list of 155 candidate imprinted genes and, in a pilot
experiment, we experimentally tested 10 candidates for evi-
dence of genomic imprinting in placenta. Of the 10 genes
tested, one gene showed maternal allele-specific expression in
placenta. Based on this initial success, which demonstrated the
utility of our algorithm, we expanded our analysis, using a
microarray-based approach to screen a larger list of 563 can-
didate genes. From the first-tier microarray approach, we iden-
tified 32 genes warranting molecular verification of their im-
printing status and identified an additional five imprinted loci.
Twenty-three of the remaining genes that were predicted as
imprinted by five or more models, but that were not included
on the microarray, were tested as well. This final level of
analysis yielded another 4 novel imprinted genes, for a total of
10 novel imprinted loci revealed by this approach. In each case,
we performed molecular verification using RNA from recipro-
cally crossed strains in biological replicates, which is the most
rigorous test for imprinting.

The success rate of this method is 40-fold greater than
expected by chance. We expect that there are more than 10
genes that are imprinted among the 1,297 genes on the
candidate list and the 563 genes tested by microarray. There
were at least three reasons to expect this. First, our microar-
ray and molecular analyses used a single strain combination,
AKR and PWD. This combination provided an abundance
of SNPs and genes we could test, but we were unable to test
several of our strongest candidates predicted by the greatest
number of models. Second, as our molecular validation was
limited by both tissue type and experimental time point, it is
possible that genes we tested and classified as nonimprinted
may be imprinted in other tissues or at other developmental
times. Third, the microarray signals for genes with low levels
of expression may have been below the threshold needed to
detect significant first-tier evidence for allele-specific ex-
pression, which excluded those genes from the more sensi-
tive and definitive second-tier molecular testing. Nonethe-
less, because past molecular analyses revealed 100 of
~30,000 genes are imprinted in mouse, we would have ex-
pected fewer than 1 of the 65 genes we subjected to molec-
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ular analysis would be imprinted if our prediction algo-
rithms were no better than a random guess. We found 10
new imprinted genes among these 65, which is significantly
more than expected from a random guess (Fisher’s exact
test, P = 7.892 X 10~1'%), indicating our approach is a valid
method for the identification of novel imprinted genes.

Histone modifications important for imprinted gene predic-
tions have biological relevance. Our observations are consis-
tent with two recent papers reporting associations between
imprinted genes and histone modifications. The first report
found that regions containing the overlapping marks of DNA
methylation and H3K4me2 showed an approximately 5-fold
enrichment for imprinted genes (47). The second study looked
at enrichment of H3K4me3 and H3K9me3 in imprinted gene
regions and found that of the top 20 regions enriched for both
H3K4me3 and H3K9me3, 13 of these mapped to ICRs or
imprinted gene promoters (30).

Our analysis included a variety of sequence features and his-
tone modifications as potential predictors of imprinting. Because
histone modification status not only correlated with imprinting
but also proved to be a valid predictor of imprinting, our results
provide insights into regulatory mechanisms controlling imprint-
ing. H3K9me3, H3K27me3, and H4K20me3 were the best posi-
tive correlates with, and predictors of, imprinting. Notably, this
is consistent with our experimental work demonstrating that
H3K9me3 and H3K27me3, respectively, enforce the methylated
and unmethylated states on the parental alleles that are essential
to Rasgrfl imprinting, and it is also consistent with other studies
demonstrating that histone-modifying factors, including PRC2
components and KDM1B, are important for imprinting (7, 24,
29). Furthermore, others have demonstrated the presence of
H4K20me3 on the maternal, but not on the paternal, allele at
Rasgrfl (9). These results are also consistent with work from
others showing that H3K9me3 and H4K20me3 are needed for
proper DNA methylation of the maternal allele of Snrpn (15, 51).
H3K36me3 was the best negative correlate with imprinting. This
mark is associated with repression of intergenic transcripts in
yeast and is largely absent from the region surrounding the im-
printed Igf2r promoter in mice (6, 17, 20, 30). This is significant, as
imprinting of Igf2r is dependent on transcription of the 103-kbp
noncoding antisense Air transcript across the Igf2r promoter (42).
It is likely that the imprinting mechanisms operating at these loci
are widely followed at many other imprinted loci that share these
four commonly held epigenetic marks.

Histone modification data sets may bias prediction toward
placenta-specific imprinted genes. It is important to note that
these histone modification data are not allele specific. Allele-
specific epigenomic maps will reveal if the histone modifica-
tions important for imprinted prediction occur in combination,
either on both alleles or on a single allele, or whether one
modification marks the active allele and the other marks the
repressed allele. However, our data strongly indicate that the
marks we found to be correlated with imprinting could predict
the imprinting status of novel imprinted genes and are proba-
bly involved in the imprinting mechanism, at least for a subset
of imprinted genes. It is also worth mentioning that our anal-
ysis using histone marks may be biased toward the identifica-
tion of genes imprinted in placenta. At least one gene cluster
imprinted in placenta (Kcnql/Kcnglotl) depends heavily on
the presence of histone modifications, which make up the
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majority of features tested in these models, for imprinted ex-
pression (23). Likewise, G9%a mutants deficient in both
H3K9me2 and H3K9me3 demonstrate placenta-specific im-
printing defects, while the embryo proper maintains proper
imprinting (45).

It is not clear why each of the novel imprinted genes that we
identified is maternally expressed in placenta and none showed
imprinted expression in the brain. The epigenomic features we
queried may be the best predictors of placental imprinting. It
is worth noting that of 22 genes known to be imprinted in
placenta, 19 are maternally expressed (http://igc.otago.ac.nz
/home.html).

Although epigenomic data have been used to predict par-
ticular classes of transcripts and genomic regulatory elements
(11, 14, 49), this is the first study to link histone modification
data with the successful prediction of novel imprinted genes.
As data become available that describe placement of addi-
tional epigenetic marks, these methods can complement tran-
scriptome sequencing to identify imprinted genes and provide
insights into mechanisms controlling imprinting (1, 46).
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