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Letter

Computational and experimental identification
of novel human imprinted genes

Philippe P. Luedi,' Fred S. Dietrich,?? Jennifer R. Weidman,* Jason M. Bosko,>
Randy L. Jirtle,*¢ and Alexander ). Hartemink'-*¢

TCenter for Bioinformatics and Computational Biology, Duke University, Durham, North Carolina 27708, USA; 2Institute

for Genome Sciences & Policy, Duke University, Durham, North Carolina 27708, USA; 3Department of Molecular Genetics
and Microbiology, Duke University Medical Center, Durham, North Carolina 27710, USA; *Department of Radiation Oncology,
Duke University Medical Center, Durham, North Carolina 27710, USA; *Department of Computer Science, Duke University,

Durham, North Carolina 27708, USA

Imprinted genes are essential in embryonic development, and imprinting dysregulation contributes to human disease.
We report two new human imprinted genes: KCNK? is predominantly expressed in the brain, is a known oncogene,
and may be involved in bipolar disorder and epilepsy, while DLGAP2 is a candidate bladder cancer tumor suppressor.
Both genes lie on chromosome 8, not previously suspected to contain imprinted genes. We identified these genes,
along with 154 others, based on the predictions of multiple classification algorithms using DNA sequence
characteristics as features. Our findings demonstrate that DNA sequence characteristics, including recombination hot
spots, are sufficient to accurately predict the imprinting status of individual genes in the human genome.

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

A gene is imprinted if the expression of one of its alleles is si-
lenced depending on the parent from which that allele was in-
herited (Reik and Walter 2001). This functionally haploid state
eliminates the protection that diploidy normally confers against
the deleterious effects of recessive mutations. Moreover, the ex-
pression of imprinted genes can be deregulated epigenetically.
Thus, imprinted genes represent susceptibility loci that can be
functionally altered by both genetic and epigenetic events (Jirtle
and Skinner 2007). Identifying genes that are imprinted in the
human genome and determining the factors responsible for epi-
genetic establishment and maintenance of imprinting control
are critical goals.

Identifying imprinted genes experimentally is challenging
because the monoallelic expression of an imprinted gene may
occur only in one of possibly several isoforms, only in particular
tissues, or only at particular stages of development. Conse-
quently, failure to confirm imprinting in a specific tissue at a
specific stage of development for a specific splice variant does not
eliminate the possibility that a different isoform may be im-
printed in some other tissue at some other stage of development.
Although estimates of imprinted gene prevalence in the human
genome vary, they hover around 1%. Consequently, in the ab-
sence of any method for prioritizing genes, an average of 100
genes must be examined (perhaps in a broad range of tissues and
at many stages of development) before a new imprinted gene can
be identified. Indeed, experimental identification of human im-
printed genes to date has been slow: The untranslated mRNA H19
was the first gene shown to be imprinted in human (Zhang and
Tycko 1992), and since its discovery in 1992, only ~40 additional
human imprinted genes have been identified (Morison et al.
2005).

We set out to develop a computational method for predict-
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ing the genome-wide imprint status of human genes, the output
of which could be used to prioritize genes for experimental iden-
tification. Since the concentration of certain types of repeated
elements and other DNA sequence characteristics has been
shown to differ between monoallelically and biallelically ex-
pressed genes (Greally 2002; Ke et al. 2002; Allen et al. 2003), we
predicted each gene’s imprint status based on nearby sequence
features. As no simple sequence patterns are known to accurately
distinguish imprinted genes from nonimprinted ones, we
adopted a sophisticated machine learning strategy, taking care to
guard against the possibility of overfitting.

Although we previously demonstrated the feasibility of this
kind of approach by identifying novel imprinted genes in the
mouse genome (Luedi et al. 2005), simply mapping our murine
predictions onto the human genome by homology would result
in significant error. While some genes are imprinted in both
mouse and human, others including Igf2r, Ascl2, Tspan32, Cd81,
Tssc4, Nap1l4, Gatm, Dcn, and Impact are imprinted in mouse but
not human (Morison et al. 2005; Monk et al. 2006). Conversely,
the homeobox gene DLXS is imprinted in human (Okita et al.
2003) but not mouse (although a subtle maternal preference was
reported in the mouse brain) (Kimura et al. 2004; Horike et al.
2005). This discordance means our earlier mouse predictions are
not ideal for predicting imprinted genes in human.

Here, we describe a new algorithm for predicting the ge-
nome-wide imprint status of human genes directly from se-
quence features in the human genome. Compared to our pre-
vious approach, we have included additional features and intro-
duced additional learning algorithms to significantly reduce the
possibility of methodological bias. Further, we focused our atten-
tion primarily on high-confidence predictions and demonstrated
by cross-validation (CV) and independent testing that our new
predictions are at the same time both more sensitive and more
selective than before. Finally, we used our predictions to priori-
tize the experimental identification of two new human im-
printed genes on chromosome 8, a chromosome not previously
suspected to contain imprinted genes.

17:1723-1730 ©2007 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/07; www.genome.org

Genome Research 1723

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Luedi et al.

Results

Conceptual approach

We adopted a more conservative approach in identifying human
imprinted genes because of their important role in the etiology of
human health conditions. Specifically, we applied two separate
classifier learning strategies—one based on support vector ma-
chines and the other on sparse logistic regression—each with a
different feature selection process. With each strategy, we trained
classifiers with two different similarity kernels: linear and radial
basis function (RBF). Only genes predicted to be imprinted by all
four classifiers were considered “high-confidence” predictions.
Although all four classifiers use the same initial training set of
known imprinted genes, the combined classifier approach helps
to control for biases that might arise from different choices for
feature selection, classifier learning, or similarity kernel.

All four classifiers were trained on DNA sequence features
collected from 40 genes known to be imprinted in human and
from 52 genes known not to be imprinted in human, plus 500
randomly selected genes suspected not to be imprinted in hu-
man. We assessed the generalization accuracy of the combined
classifier by both CV and an independent negative test set. In a
40-fold CV, we obtained a sensitivity of 100% (40/40 imprinted
genes correctly identified) and a specificity of 99% (545/552 pre-
sumably nonimprinted genes correctly identified). The indepen-
dent negative test set consisted of 13 genes with random mono-
allelic expression and 88 genes with biallelic expression or syn-
chronous replication, including four genes imprinted in mouse
but not human. We correctly predicted all 101 genes not to be
imprinted (see Supplemental Fig. 4 for a schematic depiction of
the workflow).

Genome-wide prediction of candidate imprinted genes

Applying the combined classifier to the entire human genome,
we predicted 156 of 20,770 (0.75%) annotated autosomal genes
(Ensembl v20) not previously known to be imprinted with high
confidence (Table 1; Supplemental Table 1). Only chromosomes
7 and 11 showed a higher density of predicted and known im-
printed genes compared to the rest of the autosome (P = 0.0014
and P = 0.0026, respectively, x>-test with 1 df; Fig. 1). Seven chro-
mosomal bands, however, contained a significantly higher den-
sity of imprinted gene candidates, including novel candidates
related to various cancers (P <2 X 1075, x%test with 1 df;
Supplemental Table 2).

The high-density bands 15q12 and 7q21.3 contain exclu-
sively known imprinted genes. Included in the high-density
11p15.5 band are well-known imprinted genes, such as H19 and
IGF2, and five novel candidates located further distal, including
PKP3, an oncogene involved in lung cancer (Furukawa et al.
2005). The high-density band 1p36.32 includes the known im-
printed gene TP73 along with the novel candidate PRDM16, as-
sociated with leukemia (Du et al. 2005). The ortholog of this gene
was also predicted to be imprinted in mouse (Luedi et al. 2005).
The high-density 14q32.31 band contains the known imprinted
gene MEG3 along with the novel candidate RTL1, which is im-
printed in the mouse (Seitz et al. 2003) and sheep (Charlier et al.
2001). Finally, the high-density 10q26.3 band includes the novel
candidate NKX6-2, which is preferentially expressed in the brain
(Lee et al. 2001) and was predicted to be imprinted in the mouse
(Luedi et al. 2005). NKX6-2 was predicted to be maternally ex-
pressed, along with four neighboring candidate genes. These can-

didates are 4.7-5.7 Mb from the marker D10S217, which is ma-
ternally linked to male sexual orientation (Mustanski et al. 2005).
A germline differentially methylated region has been found
within this interval (coordinate 135.1 Mb) (Strichman-
Almashanu et al. 2002), lending further support to the prediction
of imprinted genes within the immediate vicinity of this region.

Previous efforts to determine the sequence characteristics
that discriminate imprinted from nonimprinted genes have dem-
onstrated that imprinted loci are deficient in short interspersed
transposable elements (SINEs), particularly in the more ancient
MIRs (Greally 2002; Ke et al. 2002). We similarly find that im-
printed genes contain a low concentration of SINEs in their
flanking regions, especially Alu and MIR elements; however, we
determined that the orientation of these repetitive elements is of
greater discriminatory value than their concentration alone
(Supplemental Table 4; Supplemental Fig. 1B). We observed the
same result when classifying imprinted genes in mouse (Luedi et
al. 2005). The relative orientation of repetitive elements in flank-
ing sequences may contribute to physical chromosomal interac-
tions that are important in controlling genomic imprinting.
Physical chromosomal pairing has been observed in the vicinity
of the imprinted Prader-Willi and Angelman syndrome loci (La-
Salle and Lalande 1996), and it has been hypothesized that epi-
genetic differences between maternal and paternal chromosomes
serve the evolutionary purpose of homologous pairing at meiosis
(Pardo-Manuel de Villena et al. 2000). We further found that the
family of endogenous retrovirus (ERV) elements was of greatest
average importance among repetitive elements (Supplemental
Fig. 1D), again just as in our murine classifier (Luedi et al. 2005).
This time, however, repetitive elements within 1 kb downstream
were least important (Supplemental Fig. 1C).

Among transcription factor binding sites, those of greatest
importance in both feature selection strategies were CEBP, E2F,
ICP4, IgPE2, NFuE1l, NFuE3, PEA1, PEA2, Sp1, and SRF (Supple-
mental Fig. 1E). E2F family transcription factors are involved
with cell proliferation, Sp1 elements have been shown to protect
CpG islands from de novo methylation in the embryo (Brandeis
et al. 1994), and SRF (serum response factor) is involved in the
activation of “immediate early” genes (Schratt et al. 2001), in
muscle differentiation (Vandromme et al. 1992; Soulez et al.
1996), and in mesoderm formation (Arsenian et al. 1998).

Prediction of parental preference

We trained a separate classifier to determine if the maternal or
paternal allele of an imprinted gene is expressed. The training set
included 19 maternally expressed genes and 20 paternally ex-
pressed genes (GRB10 was omitted due to its complex expression
patterns) (Blagitko et al. 2000). In a 19-fold CV, we achieved a
sensitivity of 85% (17/20 paternally expressed genes correctly
identified) and a specificity of 79% (15/19 maternally expressed
genes correctly identified). Our ability to accurately predict the
expressed parental allele of known imprinted genes in both hu-
man and mouse (Luedi et al. 2005) lends support to the sugges-
tion that different mechanisms may be responsible for regulating
paternal versus maternal imprinting (Mancini-Dinardo et al.
2006).

We predicted maternal expression for 56% (88/156) of the
candidate imprinted genes, comparable to the 64% frequency
found for mouse imprinted genes (Luedi et al. 2005). Among the
features of greatest significance for the prediction of parental
expression preference were the ratios of the relative orientation
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Table 1. High-confidence imprinted human gene candidates

Ensembl ID Band Pred. Ensembl ID Band Pred. Ensembl ID Band Pred.
184163 (QSEBLS) 1p36.33 M 106001 (HOXA4) 7p15.2 M 186426 (HOXC4) 12913.13 M
107404 (DVLT) 1p36.33 M 106004 (HOXAS) 7p15.2 M 135502 (SLC26A10) 12q13.3 M
178821 (TMEMS52) 1p36.33 P 005073 (HOXATT) 7p15.2 M 135446 (CDK4) 12q14.1 M
157911 (PEX10) 1p36.32 M 106038 (EVXT) 7p15.2 P 165891 (Q96AVS) 12q21.2 M
177121 (Q8N6LS) 1p36.32 P 106571 (GLI3) 7p14.1 M 112787 (Q9HCM?7) 12g24.33 M
142611(PRDM16) 1p36.32 P 185037 7q11.21 M 178215 (Q8N7V5) 13g21.1 M
116213 (WDRS8) 1p36.32 M 185947 (Q8IVV5) 7q11.21 P 177527 (Q8N7F4) 13g21.31 P
179163 (FUCAT) 1p36.11 P 135211 (C70rf35) 7911.23 P 185498 13g21.32 P
183682 (BMPS) 1p34.3 P 187391 (MAGI2) 7921.11 M 184497 (FAM70B) 13qg34 M
173935 (NM_182518) 1p34.2 M 164889 (SLC4A2) 7936.1 M 176165 (FOXG1C) 14q12 P
178973 (NM_024547) 1p34.2 M 164896 (FASTK) 7936.1 M 073712 (PLEKHCT) 14q22.1 P
137944 (NM_019610) 1p22.2 M 180204 (NM_181648) 8p23.3 P 183992 14931.1 M
162676 (GFIT) 1p22.1 P 104284 (DLGAP2) 8p23.3 P 185469 (RTLT) 14932.31 M
186371 (NDUFA4) 1p13.3 P 185161 (Q8N9I4) 8p23.1 P 126290 (HV2A) 14932.33 P
173110 (HSPA6) 1923.3 M 172733 (PURG) 8pl12 P 151802 (Q9P168) 15913.1 P
152104 (PTPN14) 1932.3 M 167912 (Q96QE0) 8q12.1 M 005513 (50X8) 16p13.3 P
124860 (OBSCN) 1942.13 P 185942 (FAM77D) 8q12.3 P 172268 (Q96505) 16p13.3 P
181203 (HIST3H2BB) 1942.13 M 169427 (KCNK9) 8q24.3 M 103449 (SALLT) 16q12.1 M
177356 (Q8NGX0) 1944 P 167656 (LY6D) 8q24.3 P 103005 (C160rf57) 16q13 M
138061 (CYP1BT) 2p22.2 P 167701 (GPT) 8q24.3 M 102977 (ACD) 16q22.1 M
152518 (ZFP36L2) 2p21 M 186758 (Q8N710) 9p21.1 M 103241 (FOXFT) 16q24.1 M
143921 (ABCGS8) 2p21 M 107282 (APBAT) 9g21.11 P 183788 (Q8N206) 16924.3 M
055813 (Q96PX6) 2pl6.1 P 155621 (NM_182505) 9921.12 P 183518 17p13.3 M
115507 (OTXT) 2p15 M 186788 (NP_001001670) 9q21.32 M 167874 (TMEM88) 17p13.1 M
116035 (VAX2) 2p13.3 M 177945 (NM_016158) 9g33.3 P 181977 (PYY2) 17911.2 P
169636 2q12.3 P 136944 (LMX1B) 9933.3 M 173917 (HOXB2) 17qg21.32 M
184764 (RPL22) 2q13 P 160345 (NM_144654) 9q34.3 P 120093 (HOXB3) 17921.32 M
171567 (TIGDT) 2q37.1 P 172889 (EGFL7) 9q34.3 P 141378 (YCE7) 17923.2 M
186540 (Q9Y419) 2q37.3 M 054148 (PHPTT) 9q34.3 M 181428 (Q8N8LT) 17q925.3 P
172428 (MYEOV2) 2q37.3 P 186909 10p15.3 P 141934 (PPAP2C) 19p13.3 M
144908 (FTHFD) 3g21.3 M 107485 (GATA3) 10p14 P 141441 (FAM59A) 18q12.1 P
181882 3922.3 P 180740 (Q9H6Z8) 10923.31 P 101489 (BRUNOL4) 18q12.2 M
152977 (ZICT) 3q24 M 148820 (LDBT) 10q24.32 M 180866 (Q8NBOS) 19p13.2 P
114315 (HEST) 3929 P 180066 (C100rf971) 10926.3 M 172684 (Q8NE6S) 19p13.11 P
127418 (FGFRLT) 4p16.3 M 148826 (NKX6-2) 10926.3 M 172666 19p13.11 P
159674 (SPON2) 4p16.3 P 171811 (C100rf93) 10926.3 M 121297 (TSH3) 19q12 P
163945 (NP_065945.7) 4p16.3 M 151650 (VENTX2) 10926.3 M 124302 (CHST8) 19913.11 M
153851 (QI9NYI9) 4q13.2 P 178592 (Q8N377) 10926.3 M 180458 (Q8N3UT) 19q13.13 P
153852 (Q9NY/6) 4q13.2 P 148832 (PAOX) 10926.3 M 159904 (ZNF225) 19913.31 P
186158 4qg35.2 M 185885 (IFITMT) 11p15.5 M 167383 (ZNF229) 19q13.31 M
186147 (DUX2) 4q35.2 P 182272 (B4GALNT4) 11p15.5 M 186818 (LILRB4) 19q13.42 M
145536 (ADAMTS16) 5p15.32 M 184363 (PKP3) 11p15.5 M 105132 (ZN550) 19q13.43 M
145526 (CDH18) 5p14.3 P 176828 (Q8N9U2) 11p15.5 M 130724 (CHMP2A) 19q13.43 M
174132 (Q8TBPS) 5g21.1 P 184682 11p15.5 M 099326 (ZNF42) 19q13.43 M
164400 (CSF2) 5923.3 M 184193 (Q8N7VT) 11p14.3 M 101230 (C200rf82) 20p12.1 P
145945 (FAM50B) 6p25.2 M 174903 (RABTB) 11q13.2 M 101189 (C200rf20) 20q13.33 M
168426 (BTNL2) 6p21.32 M 182359 (KBTBD3) 11922.3 P 092758 (COL9A3) 20q13.33 M
135324 (C6orf117) 6q14.2 P 182657 11924.3 M 159263 (SIM2) 21922.13 P
112499 (SLC22A2) 6025.3 P 182667 (NTRI) 11925 P 183628 (DGCR6) 22q11.21 P
060762 (BRP44L) 6q27 P 139194 (RBPS) 12p13.31 P 183099 22q11.21 M
105996 (HOXA2) 7p15.2 M 069431 (ABCCY) 12p12.1 M 184390 (Q6/CMO) 22q12.2 P
105997 (HOXA3) 7p15.2 M 180806 (HOXC9) 12q13.13 M 184687 (Q8ND38) 22q13.31 P

The table lists high-confidence novel predictions of the combined classifier. Genes predicted to be expressed from the maternal or paternal allele are
denoted by M or P, respectively. To enhance legibility, the common prefix “ENSG00000” has been dropped from the Ensembl ID. A graphical

genome-wide representation of these predictions is available in Figure 1.

of AluJ and ERVL elements downstream (Supplemental Table 5).
E4F1 transcription factor binding sites were also significantly
more prevalent in the 3-4-kb upstream region of maternally ex-
pressed genes than in paternally expressed genes.

Experimental identification of new imprinted genes

Guided by the high-confidence predictions of the combined clas-
sifier, we were able to experimentally identify two new imprinted
human genes, each one monoallelically expressed from the pre-
dicted parental allele (Table 1): DLGAP2 (Disks Large-Associated
Protein 2) and KCNK9 (potassium channel, subfamily K, member

9). These two genes were chosen based on a number of criteria
(see Supplemental Methods), including their high probabilities
of being imprinted and their locations at opposite telomeric re-
gions of chromosome 8, a human chromosome not previously
known to contain imprinted genes (Morison et al. 2005). These
were the only two genes selected for detailed experimental vali-
dation.

DLGAP2 is highly expressed and alternatively spliced in
brain and testis (Ranta et al. 2000). It is contained within a 1.1-
Mb interval on chromosome 8p23.3 that is frequently deleted in
bladder cancer (Muscheck et al. 2000), making it a candidate
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Figure 1. Genome-wide distribution of genes proved (filled triangles) or predicted with high confi-
dence (unfilled triangles) to be imprinted. Red downward triangles, blue upward triangles, and black
dots indicate genes predicted to be maternally, paternally, or biallelically expressed, respectively. Light
blue bars highlight a 3-Mb region centered on the linkage regions presented in Supplemental Table 6.

tumor suppressor. cDNA containing polymorphic sites was gen-
erated by reverse transcription of total RNA isolated from brain
and testis in heterozygous human conceptuses (N = 8; gestational
age, 63-105 d). The four isoforms of DLGAP2 (splice variants 24,
25, 26, and 27) (Karolchik et al. 2003) were paternally expressed
in the testis of all samples (Fig. 2A) with some evidence of im-
printing relaxation in isoforms 24 (one of six individuals) and 26
(two of eight individuals), potentially resulting from the varying
developmental ages of the samples, which can alter imprinted
gene expression (Murphy and Jirtle 2003). In contrast, expression
from both alleles was observed for all four isoforms of DLGAPZ2 in
whole brain. MEST-AS (antisense) is another imprinted gene pre-
dominantly expressed in the testis, and like DLGAPZ is expressed
only from the paternal allele (Li et al. 2002).

KCNKQ9 resides at chromosomal location 8q24.3. It encodes
for the TASK3 (Twik-like acid-sensitive K+) channel and is asso-
ciated with a variety of human cancers (Patel and Lazdunski
2004). We tested for monoallelic expression in brain tissue be-
cause KCNK9 is predominantly expressed in the cerebellum
(Medhurst et al. 2001), resides within 6.2 Mb of the marker
D88256 linked with bipolar disorder (Mclnnis et al. 2003)
(Supplemental Table 6), and has been suggested to be a candidate

yr ago (Crouse 1960). Nevertheless, it
was not until 1991 that imprinted genes
were first discovered (Barlow et al. 1991;
Bartolomei et al. 1991; DeChiara et al.
1991), and the field of genomic imprint-
ing is still considered a relatively young
scientific field. Consequently, many un-
confirmed—and in some cases compet-
ing—hypotheses remain regarding (1)
the degree of conservation across species
versus the impact that imprinting may
have had on the process of speciation,
(2) its origins and the mechanisms re-
sponsible for its spread throughout
mammalian genomes during evolution,
(3) the apparent preponderance of im-
printed genes playing a role in develop-
ment or regulation of growth, and (4)
the influence of imprinting on condi-
tions related to development, environ-
ment, and growth dysregulation (like
cancer) (Hunter 2007). In the following
sections, we consider some of these topics and indicate whether
our predictions lend support to the various proposed hypotheses.

On the conservation of imprinting across species

When making predictions with a classifier, one must weigh the
trade-off between sensitivity and specificity, or analogously, be-
tween false-positive rate and false-negative rate. In our previous
mouse study (Luedi et al. 2005), we were more concerned with
keeping the false-negative rate low. In the present human study,
however, we sought to keep the false-positive rate low, defining
the set of high-confidence imprinted gene candidates as the in-
tersection of four different classifiers. Because of these different
methodological choices, the number of imprinted genes pre-
dicted in the mouse and the number of high-confidence im-
printed genes predicted in the human are not directly compa-
rable. If a similar statistical methodology is adopted in the hu-
man as was used in the mouse, the number of human imprinted
gene candidates increases but is still only a little more than half
as large as the mouse set. While these numbers are still not di-
rectly comparable since the sequence features in the human data
are slightly richer than those in mouse (see Methods), they are
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Figure 2. Sequence comparisons of conceptus and maternal genomic
DNA versus conceptus cDNA; arrow denotes polymorphic site. (A) The
conceptus is polymorphic (G/A, dbSNP accession rs2235112) in
DLGAP2, whereas the mother (maternal decidua) is homozygous (A/A).
DLGAP2 isoforms 24, 25, 26, and 27 are expressed monoallelically in the
testis from the paternal allele (representative DNA sequences from one
individual out of eight informative conceptuses demonstrated to be im-
printed at the DLGAP2 locus). (B) The conceptus is polymorphic (C/T,
dbSNP accession rs2615374) in KCNK9, whereas the mother (maternal
decidua) is homozygous (C/C). KCNK9 is expressed monoallelically in the
brain from the maternal allele (representative DNA sequences from one
individual out of nine informative conceptuses demonstrated to be im-
printed at the KCNK9 locus).

suggestive that the overall prevalence of imprinted genes is lower
in human than in mouse.

We wished to examine the concordance between the high-
confidence human imprinted candidates and the predictions for
their orthologs in mouse. We identified a murine ortholog to 119
of the genes proved or predicted with high confidence to be
imprinted in human. Only 38 (32%) of these genes are known or
predicted to be imprinted in both species (Supplemental Table 3),
and over half of these genes have subtelomeric chromosomal
locations. This fraction does not change significantly if the same
prediction method we used for the mouse is also applied to the
human data. Hence, the lack of greater overlap is not solely due
to differences in the statistical methodologies.

High levels of discordance of imprinting status between
mouse and human have previously been reported (Morison et al.
2005; Monk et al. 2006). Indeed, the relative paucity of imprinted
genes in human compared to mouse accords well with one of
the most widely accepted theories for the origin of genomic im-

printing, the “parental conflict hypothesis” (Haig and Westoby
1989). It has been speculated that mice may have expanded ge-
nomic imprinting in order for the placenta to accommodate a
larger litter size and shorter gestational period, perhaps necessi-
tating increased conservation of maternal resources (Monk et al.
2006). In contrast, human pregnancies tend to be singletons and
of longer gestational time, alleviating evolutionary pressure on
imprinted genes to conserve maternal resources. Hence, it seems
plausible that relatively fewer genes be imprinted and maternally
expressed in human (predicted proportion of 56%, versus 64% in
mouse); this is also consistent with the lower predicted preva-
lence overall.

Although this disparity in the imprint status of genes in
mouse and human may be a consequence of our computational
approach, it also raises the possibility that despite their immense
popularity as models of human disease, mice may not be a suit-
able choice for studying diseases resulting principally from the
epigenetic deregulation of imprinted genes, or for assessing hu-
man risk from environmental factors that alter the epigenome.

On the evolution of imprinting

Interestingly, we found recombination data to be of considerable
importance. For example, an 8-bp motif within THE1B elements
that is overrepresented near recombination hotspots (Myers et al.
2005) is positively correlated with the presence of imprinted
genes. In addition, the average distance between recombination
hotspots and known imprinted genes is found to be about one
third of that for all annotated genes. These observations lend
support to the hypothesis that imprinted genes were originally
linked in a few chromosomal regions and were dispersed
throughout the genome by recombination events during mam-
malian evolution (Walter and Paulsen 2003).

In a cross-species comparison of imprinted regions between
mouse and human, it has also been hypothesized that genomic
imprinting may have evolved on the basis of dosage compensa-
tion following large-scale duplication events (Walter and Paulsen
2003). To investigate this, we asked if the imprinted gene candi-
dates were more likely to have been duplicated than the rest of
the autosome. When using FASTA (Pearson and Lipman 1988) to
query each protein sequence against all other human proteins in
our set, the distribution of the significance value for the second
best hit was not different among imprinted gene candidates com-
pared to the rest of the autosomal genes. Also, we found that the
proportion of paralogs that are located on the same chromo-
some did not differ between the two classes of genes, nor was
there a significant difference in distance to that paralog. In con-
clusion, these findings fail to corroborate the hypothesis of large-
scale gene duplication as the driving force of imprinting evolu-
tion.

Other hypotheses for the evolution of genomic imprinting
include the proposition that imprinting is a by-product of a host
defense against foreign DNA (Barlow 1993; Yoder et al. 1997) or
that during retrotransposition of a gene some regulatory ele-
ments may have been carried along with it that confer imprinted
expression (Walter and Paulsen 2003). To investigate this, we
asked whether our set of imprinted gene candidates was enriched
for single-exon genes that may have been derived from multiex-
onic precursor paralogs. We observed no significant difference in
the rate of imprinted gene candidates consisting of only a single
exon, compared to the autosomal genes not predicted to be
imprinted (18% vs. ~16%). Contrary to the observation that al-
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most all known imprinted genes derived from retrotransposition
are paternally expressed (Walter and Paulsen 2003; Morison et al.
2005), we also found no statistically significant difference in the
rate of intron-less genes among imprinted gene candidates with
predicted maternal versus paternal expression.

On imprinting and development

A substantial number of known imprinted genes are involved in
embryonic development (Reik and Walter 2001). Our predictions
are consistent with this trend. Of the 146 genes with a systematic
name that are proved or predicted with high confidence to be
imprinted, 38% are associated with embryonic development
(based on PubMed abstracts); this compares to 18% among a
random set of 5000 autosomal genes predicted not to be im-
printed (P < 1.7 X 10~?, x?-test with 1 df). As one interesting
example, the homeobox HOX genes play a key role in pre- and
post-implantation development (Eun Kwon and Taylor 2004;
Moens and Selleri 2006), and we predicted 23% of them to be
imprinted (nine out of 39; P <2 X 10~ ', y>-test with 1 df). Five
of the high-confidence candidates are located in the HOXA clus-
ter, two in each of the HOXB and HOXC clusters, and none in the
HOXD cluster. Several imprinted genes are known to be regulated
in mouse by the same Polycomb group proteins (Mager et al.
2003; Umlauf et al. 2004) that regulate HOX expression (Bantig-
nies and Cavalli 2006). Thus, there may exist sequence charac-
teristics shared in common between these two groups of genes;
however, no Hox genes were predicted to be imprinted in the
mouse (Luedi et al. 2005). This indicates that the high prevalence
of HOX imprinted gene candidates in human does not result
simply from shared sequence characteristics. Instead, it raises the
possibility that monoallelic expression of HOX genes may have
arisen during human evolution.

Conclusion

Genes involved in various human conditions are commonly
identified by condition-oriented experimental approaches. Here,
we show that potential susceptibility genes for a wide range of
conditions can also be identified by defining the subset of genes
that are functionally haploid because of imprinting. Mapping
these imprinted genes to susceptibility loci that exhibit parent-
of-origin inheritance (Supplemental Table 6) provides novel hy-
potheses about how complex human conditions can arise from
environmental alteration of the epigenome.

Methods

Human genome data

DNA sequence and annotation data were obtained from Ensembl
(http://www.ensembl.org, Version 20). We used a positive train-
ing set of 40 imprinted genes compiled from the Imprinted Gene
Catalog (http://igc.otago.ac.nz/) and recent literature, as well as a
negative training set of 52 genes, for which experimental evi-
dence suggests biallelic expression. Additionally, we used ran-
dom sets of 500 control genes presumed to be nonimprinted for
a number of tasks. These random control genes were sampled
from autosomal chromosomal bands known or not suspected to
contain imprinted genes and were intended to represent the
overall characteristics of biallelically expressed genes. Random
control genes were used to compute top pairwise interaction
terms, to carry out feature selection with the Equbits classifier,
and finally to supplement the final training set that was used to

learn our classifiers. To minimize bias, we resampled the set of
500 random control genes for each of these three tasks.

Feature measurements

We acquired DNA sequence feature measurements in an analo-
gous fashion to our previous study in mouse (Luedi et al. 2005),
including an additional set of data derived from repeat phase
changes, recombination hotspots, and nucleosome formation
potential, as explained below.

We introduced another statistic regarding the repetitive el-
ements flanking a gene, which we will term “phase change.” We
define a phase change as an instance of a repeated element
changing its orientation compared to a neighboring element of
the same family. We counted the number of such phase changes
among retrotransposon classes such as Alus, MIRs, and LTRs
within 100 kb upstream and downstream. In doing this, we no-
ticed that within the downstream region of imprinted genes,
compared to a random sample, a phase change occurred more
frequently in one of the following LTRs: MLT1AO0, MLT1B, MSTA,
MSTB1, MLT1D, MLT2B4, or MLT1G1. Conversely, phase
changes in an MLT1C LTR were underrepresented in the flanking
regions of imprinted genes.

We also wanted to study whether data on recombination
could be used to discern imprinted genes. We downloaded coor-
dinates of recombination hotspots (Myers et al. 2005) from the
International HapMap Project Web site (http://www.hapmap.
org). Next, we mapped the recombination hotspots to our data
set and for each gene computed the number of hotspots within
350 kb upstream and downstream, as well as the minimum dis-
tance to the closest recombination hotspot upstream and down-
stream. Interestingly, the retrovirus-like retrotransposon THE1B
was found to be among certain sequence features that are over-
represented in hotspots (Myers et al. 2005). In particular, these
authors found the 8-nucleotide motif CCACGTGG to be signifi-
cantly more frequent in hotspot THE1Bs compared to THE1Bs
elsewhere in the genome. The same oligonucleotide motif is also
involved in serum-induced transcription at the G1/S-phase
boundary in the hamster (Miltenberger et al. 1995) and is known
as the G-box binding motif for plant basic leucine zipper (bZIP)
proteins (Niu et al. 1999). We proceeded by counting the occur-
rence of this oligomer in all THE1B elements within the 100 kb
regions flanking each gene.

The last additional class of feature measurements involved
nucleosome formation potential profiles. Such in silico estimates
of nucleosome packaging density in the promoter region has
previously been used to distinguish tissue-specific genes from
housekeeping genes and widely expressed genes (Levitsky et al.
2001). Using the Web interface at http://wwwmgs.bionet.nsc.ru/
mgs/programs/recon, we acquired nucleosome formation poten-
tial estimates and summarized them as follows. We computed
the sum within the region 0.82-0.61 kb upstream, the standard
deviation 5.86-5.81 kb upstream, the mean 0-1 and 0.31-0.49 kb
within the concatenated exons, and the standard deviation 6.7-
6.75 and 7.02-7.07 kb downstream. These particular windows
were picked following visual inspection of plotted potentials.

Statistical methods

To be more robust in our imprinted gene predictions, we used
two strategies for feature selection and classifier learning: Equbits
Foresight (which employs support vector machines and is docu-
mented at http://www.equbits.com) and SMLR (which adopts a
Bayesian approach to sparse multinomial logistic regression and
is documented in the literature and at http://www.cs.duke.edu/
~amink/software/) (Krishnapuram et al. 2005). In each case, we
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learned two separate classifiers, one with a linear kernel and one
with an RBF kernel. The operating point on the ROC for each
classifier was chosen so as to minimize the number of false posi-
tives while retaining all true positives (Supplemental Fig. 2). To
be more conservative in our final predictions, we required joint
agreement among all four classifiers before predicting a gene to
be imprinted. We refer to these as our high-confidence predic-
tions. We chose to report the prediction set sorted by chromo-
some because the confidence estimates provided by the different
classifiers could not be unified in a direct manner. The procedure
of CV, training, testing, and prediction is conceptually depicted
in Supplemental Figure 3.

When using Equbits to predict imprinted genes, a 40-fold
CV procedure was used; to prevent overfitting or overestimation
of prediction accuracy, feature selection using a linear kernel was
performed afresh for each fold of the CV (without inclusion of
the genes being held out during that fold). Once features were
selected in each fold, classifiers for imprint status with linear and
RBF kernels were learned for that fold. The number of retained
features ranged from 613-638 during CV, whereas 626 features
were retained in the final classifier.

When using SMLR to predict imprinted genes, a similar
scheme was adopted. At each step of a 40-fold CV, feature selec-
tion was performed afresh (without inclusion of the genes being
held out during that fold) by applying a sparsity-promoting prior
directly on the weights of the features (no kernel). Once features
were selected in this manner in each fold, classifiers for imprint
status with linear and RBF kernels were learned. During CV, the
number of retained features averaged 875, while 820 features
were retained in the final classifier.

SMLR is written in portable Java, with a GUI, and is available
with complete source code under a noncommercial use license
from http://www.cs.duke.edu/~amink. In addition, all data, and
all scripts used to produce the SMLR results, are also available.

To ensure that no straightforward relationships within the
training data were obscured by sophisticated learning methods,
we also performed CV using three simple classifiers (as imple-
mented in Weka 3.4) (Witten and Frank 2005). A naive Bayes
classifier showed a sensitivity of 40% (16 out of 40 imprinted
genes correctly recognized) and a specificity of 97% (535 out of
552 nonimprinted genes correctly classified). A decision stump
simply classified all genes as nonimprinted. A random forest clas-
sifier showed a sensitivity of 20% (eight out of 40 correct) and a
specificity of 95% (522 out of 552 correct). These experiments
suggest that simple alternative classification approaches are not
likely to result in comparable classification accuracy.

To simplify the prediction of parental expression preference,
we used Equbits only with a linear kernel and the top 30 features.
This procedure is exactly analogous to that used to predict pa-
rental preference in the mouse (Luedi et al. 2005).

We used x>-tests to compare proportions and two-sided Stu-
dent’s t-tests to compare means. To be conservative, Bonferroni’s
method was used when correcting for multiple testing (o = 0.05).

Experimental procedures

From human conceptuses and matched maternal decidua, DNA
was isolated in Qiagen buffer ATL and proteinase K (Qiagen
Sciences, Inc.) followed by phenol-chloroformisoamyl alcohol
extraction and ethanol precipitation. Each individual was
screened for polymorphisms in KCNK9 (C/T, dbSNP accession
1s2615374) and DLGAP2 (G/A, dbSNP accession rs2235112) by
genomic DNA PCR with Qiagen Hotstart Taq polymerase (Qiagen
Sciences, Inc.) as per manufacturer’s instructions. Following
identification of heterozygous polymorphic individuals, total
RNA was isolated from brain and testis by homogenization in

RNA-Stat 60 (Tel-Test, Inc.); subsequent processing was per-
formed as recommended by the manufacturer.

First-strand ¢cDNA was primed with gene-specific primers,
and synthesized from DNasel-treated RNA using Superscript II as
recommended by the manufacturer (Invitrogen). We used Qia-
gen Hotstart Taq polymerase (Qiagen Sciences, Inc.) in a 25 pL
RT-PCR reaction volume, as per manufacturer’s instructions. RT-
PCR products were separated by electrophoresis on a 1.5% aga-
rose gel, and appropriately-sized fragments of cDNA were excised
and gel-extracted (GenElute, Sigma Chemical Co.). Products were
sequenced (ABI 377 sequencer, PE Biosystems), and analyzed for
expression using FinchTV (Geospiza, Inc.).

In order to rule out any stochastic effects, we repeated the
PCR and the sequencing reactions at least three times in all cases
where exclusive monoallelic expression was observed. All se-
quencing reactions were performed in both directions.

This study was performed in accordance with current regu-
lations and standards of the United States Department of Health
and Human Services and National Institutes of Health.
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