Methods

Genome-wide prediction of imprinted murine genes
Philippe P. Luedi," Alexander |. Hartemink,'# and Randy L. Jirtle**

! Center for Bioinformatics and Computational Biology and Department of Computer Science, Duke University, Durham, North
Carolina 27708, USA; >Department of Radiation Oncology, University Program in Genetics and Genomics, Duke University

Medical Center, Durham, North Carolina 27710, USA

Imprinted genes are epigenetically modified genes whose expression is determined according to their parent of
origin. They are involved in embryonic development, and imprinting dysregulation is linked to cancer, obesity,
diabetes, and behavioral disorders such as autism and bipolar disease. Herein, we train a statistical model based on
DNA sequence characteristics that not only identifies potentially imprinted genes, but also predicts the parental allele
from which they are expressed. Of 23,788 annotated autosomal mouse genes, our model identifies 600 (2.5%) to be
potentially imprinted, 64% of which are predicted to exhibit maternal expression. These predictions allowed for the
identification of putative candidate genes for complex conditions where parent-of-origin effects are involved,
including Alzheimer disease, autism, bipolar disorder, diabetes, male sexual orientation, obesity, and schizophrenia.
We observe that the number, type, and relative orientation of repeated elements flanking a gene are particularly

important in predicting whether a gene is imprinted.

[Supplemental material is available online at www.genome.org.]

Imprinted genes represent a small subset of mammalian genes
that are monoallelically expressed in a parent-of-origin manner.
Experimental evidence suggests that genomic imprinting
evolved ~180 million years ago in a common ancestor to vivipa-
rous mammals after divergence from the egg-laying monotremes
(Killian et al. 2000, 2001; Murphy and Jirtle 2003). Imprinting is
postulated to provide a means by which the paternal and mater-
nal genomes exert counteracting growth effects during develop-
ment (Haig and Graham 1991). This is exemplified by the pater-
nally expressed Igf2 and the maternally expressed Igf2r stimulat-
ing and inhibiting embryonic growth, respectively.

Prader-Willi syndrome (PWS) and Angelman syndrome (AS)
are examples of neurodevelopmental disorders linked to im-
printed gene dysregulation. Evidence is also mounting that im-
printed genes play a significant role in the genesis of cancer,
obesity, and diabetes (Murphy and Jirtle 2003; Waterland and
Jirtle 2003; Feinberg and Tycko 2004). Moreover, imprinted
genes are targets through which environmental factors can in-
fluence gene expression (Waterland and Jirtle 2004). For these
reasons, it is critically important to identify imprinted genes, as
well as the cis-acting regulatory elements involved in the estab-
lishment and maintenance of imprinting.

To date, most efforts to identify imprinted genes have been
experimental, focusing on small regions of a chromosome. High-
throughput screens based on differential expression have been
performed by using RIKEN cDNA microarrays, and they have led
to the discovery of several novel imprinted genes (Mizuno et al.
2002; Nikaido et al. 2003). Although it has been proposed that
the concentration of certain types of repeated elements and other
sequence characteristics might be useful in distinguishing be-
tween monoallelically and biallelically expressed genes (Greally
2002; Ke et al. 2002; Allen et al. 2003), no large-scale predictions
have previously been performed based on DNA sequence char-
acteristics alone.
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This study describes a machine learning approach across the
entire mouse genome for both identifying imprinted gene can-
didates and predicting their parental expression preference. We
collected a series of DNA sequence features within and flanking
each locus, such as statistics on repetitive elements, transcription
factor binding sites, and CpG islands. Based on these features, we
subsequently trained a classifier employing a two-tier prediction
strategy. Each gene in the mouse genome was first predicted to be
either imprinted or nonimprinted, and then the parental allele
preferentially expressed was predicted for all candidate imprinted
genes.

Results

Genome-wide prediction of candidate imprinted genes

In applying this classifier to the entire mouse genome, the algo-
rithm predicted 600 genes out of a total of 23,788 annotated
autosomal genes to be imprinted (2.5%); 384 (64%) of these can-
didate imprinted genes were predicted to exhibit maternal ex-
pression. The entire set of predictions is listed in the Supplemen-
tal Table 6.

The frequency of imprinted gene candidates did not vary
significantly either between or within the chromosomes (Supple-
mental material; Fig. 1). Nevertheless, the frequency of imprinted
gene candidates was significantly higher within six autosomal
bands than in the rest of the autosome: 12d1 (4/16 were pre-
dicted to be imprinted), 7bS (5/25), 18b1 (4/20), 6al (8/45), and
7f5 (16/193). Chromosomal bands 6al, 7b5, and 7f5 contain
known imprinted genes. The candidates on 18b1 are located 10
Mb distal to the imprinted gene Impact, while the candidates on
12d1 are 35 Mb proximal from the imprinted DIk1/Meg3 cluster.

Assessment of prediction accuracy

We assessed the prediction accuracy of our classifier by using
both cross-validation and an independent set of test genes. We
randomly partitioned the training data into 44 groups for cross-
validation, each containing one imprinted gene and 12-13 con-
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