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Article

Identification of Novel Imprinted Genes
in a Genome-Wide Screen for Maternal Methylation

Rachel J. Smith, Wendy Dean, Galia Konfortova, and Gavin Kelsey'
Developmental Genetics Program, The Babraham Institute, Cambridge CB2 4AT, UK

A characteristic of imprinted genes is that the maternal and paternal alleles show differences in methylation. To
perform a genome-wide screen for novel imprinted loci, we applied methylation-sensitive representational
difference analysis (Me-RDA) to parthenogenetic mouse embryos, to identify differentially methylated regions
(DMRs) methylated specifically on the maternal allele. We isolated a total of 26 distinct clones from known and
novel DMRs and identified three novel imprinted genes. Napil5 is located on proximal chromosome 6 and
encodes a protein with homology with nucleosome assembly proteins (NAPs); it has tissue-specific imprinting
with expression from the paternal allele. We identified two DMRs on chromosome 15, a chromosome that was
not thought to contain imprinted loci, and demonstrated that each is associated with a paternally expressed
transcript. Pegl3 gives rise to a noncoding RNA that is highly expressed in the brain and imprinted in all tissues
examined. A DMR was also identified at the chromosome 15 SIc38a4 gene, which encodes a system A amino acid
transporter; we show that SIc38a4 is imprinted in a tissue-specific manner. Interestingly, two of the three novel
genes identified in this screen are located within the introns of other genes; their identification indicates that
such “microimprinted” domains may be more common than previously thought.

[The sequence data from this study have been submitted to GenBank under accession nos. AY151252 and
AYI151253. The following individuals kindly provided reagents, samples, or unpublished information as indicated

in the paper: C. Beechey, ]. Peters and D. Bodle.]

Genomic imprinting is a parent-of-origin-dependent epige-
netic mechanism by which a subset of autosomal genes are
expressed from only one allele. Correct regulation of im-
printed genes is essential for normal mammalian develop-
ment, and a number of human disorders are associated with
increased or insufficient dosage of imprinted gene products
(Morison et al. 2001). An imprinting map of the mouse has
been produced (http://www.mgu.har.mrc.ac.uk/imprinting/
imprinting.html), which describes chromosome (Chr) regions
that cause developmental abnormalities when inherited as a
uniparental duplication (UPD) and are likely to contain im-
printed genes. To date, >50 imprinted genes have been de-
scribed in the mouse, comprising protein-coding genes, anti-
sense transcripts, small nucleolar RNAs, and other noncoding
RNAs. However, the full extent of imprinting in the mouse
genome is currently unclear, and in order to determine the
full role of imprinted genes in mammalian development, it is
essential that additional imprinted genes are identified.

The imprinted genes described to date have been identi-
fied by a variety of means. The association of an imprinted
phenotype with a genomic region has led to the discovery of
a number of imprinted loci; for example, Igf2r was identified
owing to its association with the Tme maternal effect on
mouse Chr 17 (Barlow et al. 1991). Analysis of regions with a
UPD phenotype led to the realization that many imprinted
genes occur in clusters, such as that on distal Chr 7, which
contains at least 14 imprinted genes (Onyango et al. 2000;
Paulsen et al. 2000). Many loci that were initially described as
having only one or few imprinted genes are now being reex-
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amined, and neighboring genes are found to be imprinted.
For example, the imprinted locus on proximal Chr 17 was
initially thought to comprise just the Igf2r transcript (Barlow
et al. 1991) and the Air antisense (Wutz et al. 1997). Recent
investigations have indicated that this cluster contains at least
two further imprinted genes (Zwart et al. 2001). However,
examining only genes within known imprinted regions is
clearly limiting, so a number of screens have been developed
to identify imprinted genes independent of their genomic
location.

Many screens for imprinted genes are based on the dif-
ferences in expression of the maternal and paternal alleles.
Subtractive hybridization has been performed on cDNAs from
parthenogenetic (Pg) and androgenetic (Ag) embryos, and
several imprinted genes, designated Pegs (paternally ex-
pressed genes) and Megs (maternally expressed genes), have
been identified by this technique (Kaneko-Ishino et al. 1995;
Miyoshi et al. 1998). Pg and Ag embryonic fibroblast cell lines
have been created and further imprinted genes identified by
subtractive hybridization of their cDNA (Piras et al. 2000).
Allele-specific expression has also been recognized by differ-
ential display (Kikyo et al. 1997) or its derivative allelic mes-
sage display (Hagiwara et al. 1997). More recently, cDNA mi-
croarray screening has been performed by using RNAs from
UPD mice (Choi et al. 2001) or from uniparental embryos
(Mizuno et al. 2002). Microarray screening has led to the re-
covery of both known and novel imprinted loci, and because
of the ability to examine so many genes at once, holds great
promise. Although screens based on imprinted expression
have clearly been successful, they are unlikely to be exhaus-
tive because of the limitations imposed by tissue and stage-
specificity of expression and low abundance of transcripts.
Such screens may also detect downstream targets, as well as
the imprinted genes themselves.

13:558-569 ©2003 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/03 $5.00; www.genome.org


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

Downloaded from genome.cshlp.org on June 2, 2026 . Published by Cold Spring Harbor Laboratory Press

Novel Imprinted Genes Identified by Me-RDA

Imprinted genes may be identified independently of
their expression status by the use of an epigenetic feature of
the locus. Of the characteristics described to date, the most
amenable for analysis is the region of differential methylation
(DMR) that is found at most imprinted loci (Constancia et al.
1998). It is thought that all DMRs will indicate the positions
of imprinted genes, as for all DMRs currently known, the clos-
est neighboring gene is imprinted. These regions of parental
allele-specific methylation are generally maintained in all so-
matic tissues, irrespective of expression, and the methylation
state of an allele may be determined by the use of methyl-
ation-sensitive restriction enzymes (Constancia et al. 1998).
Restriction landmark genome scanning (RLGS) was devised to
compare the methylation of parental alleles at sites of rare-
cutter restriction enzymes by using two-dimensional gel elec-
trophoresis. RLGS has been applied to human uniparental
samples and mouse F1 hybrids, and a number of novel genes
have been described (Hayashizaki et al. 1994; Plass et al. 1996;
Hayward et al. 1998; Kamiya et al. 2000). One limitation of
RLGS is that in order that the two-dimensional gel is not
overly complex, frequent cutting restriction enzymes cannot
be used, and therefore, each screen analyzes only a small
number of CpGs. We have developed a technique for the
identification of novel imprinted genes based on their meth-
ylation. We use methylation-sensitive restriction enzymes
that have a high frequency of cutting in CpG islands, in com-
bination with a subtractive hybridization approach to recover
fragments from the unmethylated allele; we have designated
this technique methylation-sensitive representational differ-
ence analysis (Me-RDA). We have previously applied Me-RDA
to the isolation of DMRs from the distal Chr 2 imprinted
region and found Gnasxl and Nesp to be novel imprinted
transcripts in the mouse (Kelsey et al. 1999; Peters et al. 1999).
To extend this research, we have now applied Me-RDA to Pg
and Ag embryos in order to perform genome-wide screens for
DMRs.

Here we describe the application of Me-RDA to Pg em-
bryos, which contain Chrs of maternal origin only, to isolate
DMRs that are methylated specifically on the maternal allele.
This screen successfully identified multiple DMRs from
known imprinted genes. We also identified a novel poten-
tially expressed imprinted gene, Nap1l5, with homology with
nucleosome assembly proteins (NAPs), on proximal Chr 6.
Furthermore we have identified two DMRs on Chr 15 and
demonstrate that each is associated with an imprinted, pater-
nally expressed transcript; one of these genes, Pegl3, gives rise
to a noncoding RNA and the other $/c38a4 encodes a system
A amino acid transporter.

RESULTS

Isolation of Maternally Methylated DMRs

in a Genome-Wide Screen

To isolate DMRs methylated specifically on the maternal al-
lele, we performed Me-RDA essentially as described previously
(Kelsey et al. 1999; Peters et al. 1999) by using amplicons from
Pg embryos as the driver and amplicons from normally fertil-
ized (N) embryos as the tester. We used two different meth-
ylation-sensitive restriction enzymes, Hin6l and Hpall, to in-
crease the number of CpGs examined. After two rounds of
subtractive hybridization to enrich the tester-specific frag-
ments from the unmethylated paternal allele, we analyzed
and cloned the resulting difference products. To assess the
proportion of difference product clones (DPCs) that were

tester-specific, we examined their representation in the Pg
and N amplicons by Southern blot hybridization. For the Me-
RDA using the Hin6l enzyme, three of 12 (25%) DPCs were
represented only in the N amplicons, and for the Hpall Me-
RDA, one of 12 (8.3%) was differentially represented. To in-
crease the proportion of Hpall DPCs that were differentially
represented, we carried out a third round of subtractive hy-
bridization. After this, all Hpall DPCs tested (38 of 38, 100%)
were present exclusively in the N amplicons. To identify ad-
ditional novel DPCs, we pre-screened further DPCs to exclude
those that had been previously isolated.

We anticipated that a mouse CpG island library (Cross et
al. 1997) would contain most of the DMRs within the ge-
nome, and would be expected to have a larger average insert
size than the DPCs and therefore contain more useful se-
quence information. We chose to hybridize this library with
total (uncloned) difference products from the second round
of subtractive hybridization for both Hin6l and Hpall Me-
RDAs, as these would have a good enrichment for maternally
methylated DMRs while maintaining fragments that may
have been excluded during the Hpall third-round subtractive
hybridization. We identified CpG island clones (designated
CPGCs) that hybridized with the difference products but not
with Pg amplicons, and analyzed their representation in Pg
and N amplicons in the same way as for DPCs. Of the 41
CPGCs analyzed from the hybridization with Hin6l difference
products, seven (17%) were represented only in the N ampli-
cons, and for the Hpall hybridization, all clones analyzed (six
of six, 100%) were differentially represented.

In total, we tested a total of 269 DPCs and CPGCs, of
which 160 (59.5%) were represented exclusively in N ampli-
cons and comprised 26 distinct clones. We sequenced these
clones and performed BLASTN searches against available se-
quence databases to determine whether the fragments had
arisen from known DMRs. A total of 18 fragments arose from
regions known to be maternally methylated DMRs, at the
imprinted genes Peg5/Nnat, Gnas (Gnasxl and exonlA), Pegl/
Mest, Peg3/Pwl, Snrpn, Zacl, and UZ2afl-rs1 (Table 1). The
identification of Zacl is published elsewhere (Smith et al.
2002). In addition, we identified a novel DMR at the im-
printed gene Sgce and isolated a clone mapping close to the
imprinted region containing Pegl on proximal Chr 6, but not
within PegI (Table 1). We found that the remaining DPCs and
CPGC:s identified three novel DMRs, each of which is associ-
ated with an imprinted, paternally expressed transcript.

Napll5, a Novel Imprinted Gene on Chr é Encoding

a Protein With Homology With NAPs

We isolated DPC#24-1, a 449-bp fragment from the Hin6l
Me-RDA that maps to Chr 6, to chromosomal band C1
(Ensembl, http://www.ensembl.org) or B3 (Celera, http://
www.celera.com). Its location is close to the T6Ad transloca-
tion breakpoint in 6B3 that defines the distal end of the im-
printed region containing Peg1 (http://www.mgu.har.mrc.ac.
uk/imprinting/imprinting.html), and it is currently unclear
whether DPC#24-1 is located within this defined imprinted
region. DPC#24-1 is located near a CpG island (Fig. 1A), and
the region has many EST matches. Most of the EST matches
are contained within AB041556, the full insert sequence of
brain cDNA clone MNCb-0385 (Fig. 1A). The transcript at this
locus is intron-less and contains an ORF that is predicted to
encode a protein (BAA95041) containing a NAP domain
(Pfam accession no. PF00956). We call this locus Nap115 (NAP
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Table 1. Difference Product Clones (DPCs) and CpG Island Clones Isolated in a Methylation-Sensitive Representational Difference
Analysis (Me-RDA) Screen for Maternal Methylation

Chromosomal location

Me-RDA Me-RDA Gene or
enzyme clone ID transcript name (Ensembl) (Celera) GenBank accession
Known DMR at known imprinted gene
Hpall
DPC#2-11 Peg5/Nnat 2H2 2H2 AB041829, AF303656, Aj245740
DPC#26-1 Peg1/Mest 6A3 6A3.1 AF017994
DPC#26-2 Peg1/Mest 6A3 6A3.1 AB007765, AF017994
DPC#26-5 Peg3 7A1 7A1 AF105262
DPC#28-5 Gnasxl 2H3 2H4 AL593857, Aj251761, A]245739
CPGC#13 Zacl T10A2 10A1 AF314094, AJ]308559, Aj308560
CPGC#43 U2af1-rs1 11A3.3 11A3.1 AF309654, D17407, D26474, NM_011663, S69507
CPGC#49 Peg1/Mest 6A3 6A3.1 AF017994
Hinél
DPC#4-7 Peg3 7A1 7A1 AF105262
DPC#4-8 Peg1/Mest 6A3 6A3.1 AB007765, AF017994
DPC#4-10 Peg3 7A1 7A1 AF105262
DPC#12-13 Peg1/Mest Unmapped 6A3.1 AF017994
DPC#12-14 Peg3 7A1 7A1 AF015262
DPC#17-6 Peg1/Mest 6A3 6A3.1 AB007765, AF017994
DPC#19-15 Gnas exon 1A 2H3 2H4 AL593857
DPC#19-23 Snrpn 7B5 Unmapped AF081460, AF130843, AF332579
CPGC#1 Peg3 7A1 7A1 AF105262
CPGC#2 Peg1/Mest 6A3 6A3.1 AB007765, AF017994
Novel DMR at known imprinted gene/novel DMR in imprinted region
Hinél
DPC#17-60 Sgce 6A2 6A1 —
DPC#17-65 Novel 6A3 6A3.1 —
Novel DMR and imprinted gene
Hpall
DPC#26-7 Slc38a4 15F2 15F1 —
CPGC#29 Slc38a4 15F2 15F1 —
Hinél
DPC#17-27 Peg13 15E1 15D3 AY151252, AY151253
DPC#19-2 Pegl13 15E1 15D3 AY151252, AY151253
DPC#24-1 Napll5 6C1 6B3 AB041556, AK003875, NM_021432
CPGC#17 Peg13 15E1 15D3 AY151252, AY151253

DMR indicates differentially methylation region.

Each Me-RDA clone represents a distinct Hin6l or Hpall fragment or CpG island library clone. In many cases, the clones were isolated many

times.

GenBank accession nos. indicate the best BLASTN matches with database sequences; more than one entry is given for similar BLASTN scores.
No GenBank accession is given for Slc38a4 as the DPC and CPGC were not within GenBank database sequence.

1 like 5). To investigate whether there is a DMR at Nap115, we
analyzed the methylation profile in T77H translocation UPD
animals in comparison to their wild-type littermates (Fig. 1B).
This indicated that DPC#24-1 was isolated from a maternally
methylated DMR, as expected from the Me-RDA strategy. We
investigated the expression profile of the transcript at this
locus by Northern blot hybridization and found that it is
highly expressed in adult brain and adrenal glands and is also
detected in day-13 fetuses (Fig. 2A). To assess whether this
gene is imprinted in the tissues in which it is highly ex-
pressed, we performed an RT-PCR assay by using a BstZI RFLP
between Mus musculus (C57BL/6) and M. spretus to identify
the parental alleles (Fig. 1A). Nap1l5 is imprinted and ex-
pressed exclusively or predominantly from the paternal allele
in brain and adrenal glands (Fig. 2B). In other tissues, we
found no evidence of paternal allele-specific expression (data
not shown).

To determine whether Nap1l5 might be part of a cluster
of imprinted genes, we initially examined the genomic se-
quence (Ensembl and Celera databases) to identify neighbor-
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ing genes. This revealed that Napll5 is entirely contained
within the intron of another gene, Herc3, which is transcribed
in the opposite orientation (Fig. 2C). Herc3 (NM_028705) en-
codes a protein with a domain homologous to E6-associated
protein (E6-AP) C terminus (HECT domain) and a region
with homology with the regulator of chromosome conden-
sation (RCC1). We investigated the expression of Herc3 in
MatDp.dist6 or PatDp.dist6 tissues by RT-PCR, amplifying the
RT-PCR product indicated in Figure 2C. Herc3 was expressed
in brain, heart, and kidney from MatDp.dist6 and PatDp.dist6
adults, with no expression detected in liver (data not shown).
This result does not preclude imprinted expression in other
cell types or developmental stages; however, the lack of im-
printing in brain, in which Nap1I5 is expressed from the pa-
ternal allele, suggests that Herc3 is not imprinted.

Peg13, a Novel Noncoding Imprinted Transcript
on Chr15

We found that two DPCs and a CPGC (which encompasses
one of the DPCs) from the Hin6l Me-RDA screen are located
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Figure 1 Identification and methylation analysis of Nap1/5 locus. (A) Map of locus at novel imprinted gene Nap1/5. DPC#24-1 identified the
locus and is indicated by a solid box; the CpG island, by a hatched box. The Nap1/5 transcript is contiguous with the genomic DNA; EST AB041556
at Napll5 is shown as a black line, and the transcription orientation is indicated by the arrowhead. EST matches (BE984795, BE987942)
neighboring AB041556 are indicated as black lines and form part of the same transcription unit as determined by RT-PCR (data not shown). The
probe used for methylation analysis by Southern blot hybridization is indicated as a gray bar, and the Bsml fragment analyzed is shown. The RT-PCR
product used for imprinted expression analysis by using a BstZI RFLP (Fig. 2B) is shown as a white box, and fragment lengths are given. Hinél and
Hpall sites are given as vertical lines; in some instances, individual sites could not be resolved. (B) Methylation analysis of region containing Nap1/5
in kidney DNA from T77H UPD (PatDp.dist6 and MatDp.dist6) adult mice. The DNA was digested with Bsml alone (—) or in combination with Hin6l
(Hi), Hpall (Hp), or Mspl (M). Wild-type (WT) controls are shown alongside their PatDp.dist6 and MatDp.dist6 littermates. MatDp.dist6 DNA is

highly methylated in comparison to PatD.dist6 DNA, indicating that the region is a maternally methylated DMR.

on Chr 15, within band E3 (at 94.13 Mb, Ensembl data). The
region to which these clones map contains a CpG island and
multiple ESTs, predominantly from brain cDNA libraries (Fig.
3A). We analyzed the methylation at this locus in day-13 fe-
tuses from reciprocal crosses between M. musculus (C57BL/6)
and M. musculus castaneus (CAST/Ei), by using a Kpnl RFLP to
distinguish the alleles, and we found that the region is a ma-
ternally methylated DMR (Fig. 3B). The transcript is abun-
dantly expressed in adult brain and adrenal glands and is
expressed at lower levels in other adult tissues, day-13 fetus,
and placenta (Fig. 4A). We screened a neonatal brain cDNA
library and performed 5" and 3’ RACE on adult brain mRNA to
isolate the full-length transcript, which we call Peg13. The
transcript is 4397-nt long, excluding polyA tail (accession no.
AY151253), with a minor form extended at the 5’ end and
length 4723 nt (accession no. AY151252), which was detected
by 5" RACE. The longest ORF in either transcript form is 321
nt; the polypeptide that this would encode does not have
homology with any known proteins, and the sequence sur-

rounding the ATG is not similar to the Kozak consensus se-
quence, indicating that this transcript is not translated. The
transcript runs contiguous to the genomic DNA sequence and
is therefore intron-less, as well as apparently noncoding.
BLASTN analysis of the transcript identifies multiple ESTs, but
there is no homology with any known genes. We analyzed
the expression of Pegl3 in reciprocal crosses between C57BL/6
and CAST/Ei by using a Kspl RFLP, and found that it is ex-
pressed exclusively from the paternal allele in day-13 fetuses
(Fig. 4B) and exclusively or predominantly from the paternal
allele in the seven adult tissues tested (data not shown).
Analysis of genomic sequence indicated that Peg13, simi-
lar to Nap1l5, is contained entirely within the intron of an-
other gene (Fig. 4C). This gene encodes the mouse homolog of
the human gene encoding a novel protein KIAA1882. The
mouse KIAA1882 transcript is in the same transcriptional ori-
entation as Pegl3. By using reciprocal hybrids between M.
musculus and M. spretus, identifying the alleles with a BseLl
RFLP, we found that this transcript is not imprinted in the
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Figure 2 Tissue-specific and imprinted expression of Nap1/5. (A) Northern blot hybridization of total RNA from adult tissues and day-e13 foetus
and placenta, using an antisense RNA probe from within the sequence of AB041556. The size of the transcript on the Northern blot is, in
comparison to 185/28S rRNA, consistent with the expected full-length transcript sequence. Hybridization with Gapdh gives an indication of the
amount of RNA loaded. (B) RT-PCR/RFLP analysis of imprinted expression of Nap1/5 in hybrids and backcross animals between Mus musculus
C57BL/6 (M) and M. spretus (S). BstZl specifically digests PCR products from the M. musculus allele and assigns the parental origin of alleles in
RT-PCRs from reciprocal hybrid RNA. Samples analyzed are brain and adrenal gland RNAs from a cross between C57BL/6 female and M. spretus
male (M X S, maternal inheritance of M allele, paternal inheritance of S allele) and from a cross between an F, (C57BL/6 X M. spretus) female and
C57BL/6 male (S X M, maternal inheritance of S allele, paternal inheritance of M allele at this locus). The DNA amplification indicates the presence
of both alleles in the animals examined. No product amplified in control reactions with no reverse transcriptase (not shown). The controls
are amplified M. musculus C57BL/6 (M X M) or M. spretus (S X S) DNA to indicate the digestion products. Ma is a 100-bp molecular weight
marker. (C) Map indicating the position of Nap1/5 within a large intron of Herc3. mCT124742 is a transcript described in the Celera data-
base; ENSMUST00000031823, ENSMUST00000041401, and ENSMUSEST00000019746 are Ensembl identifiers. mCT124742 and
ENSMUSEST00000019746 indicate that an intron of Herc3 transcript spans the region containing Nap1/5; Herc3 and Nap1I5 are transcribed in the
opposite orientation. The RT-PCR product used to investigate imprinting of Herc3 in T77H uniparental duplication tissues is shown.

eight adult tissues examined, which included brain and adre-
nal glands (data not shown).

Slc38a4 Is a Novel Imprinted Gene on Chr 15

We identified a second imprinted gene on Chr 15, in band F2
(108.95Mb, Ensembl). We isolated a DPC and a CPGC from
the Hpall Me-RDA located at a CpG island at the 5’ end of the
mouse Slc38a4 gene (Fig. SA), which encodes a system A
amino acid transporter molecule. This gene has been de-
scribed in human (AF305814) and rat (AF295535) and has also
been called ATA3/Ata3 (Sugawara et al. 2000; Hatanaka et al.
2001). We analyzed the methylation of the locus in hybrids
between M. musculus and M. spretus by using an EcoRI RFLP to
distinguish the parental alleles, and we found that the frag-
ment containing the Me-RDA clones is a maternally methyl-
ated DMR (Fig. 5B).

562 Genome Research
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In rat and human, Slc38a4/SLC38A4 is highly expressed
in the liver, (Sugawara et al. 2000; Hatanaka et al. 2001)
with additional expression reported in kidney (human) and
skeletal muscle (rat). We investigated the expression in mouse
by Northern blot hybridization and found that Sic38a4 is
highly expressed in liver and placenta, with lower expression
levels in adrenal glands, heart, lung, and tongue (Fig. 6A). We
analyzed the imprinting in these tissues by RT-PCR/RFLP
analysis in reciprocal crosses between CS57BL/6 and CAST/Ei
by using a BseMI RFLP to distinguish the alleles (Fig. 6B).
Unexpectedly, we found that the SIc38a4 transcript is bialle-
lically expressed in the liver, the adult tissue in which it is
most highly expressed. Slc38a4 is expressed exclusively from
the paternal allele in the other adult tissues tested and pre-
dominantly from the paternal allele in day-13 fetus and pla-
centa.
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Figure 3 Identification and methylation analysis of the locus containing Peg13. (A) Map of locus containing Hin6l Me-RDA products DPC#19-2

and DPC#17-27 and CPGC#17 (solid boxes). The region contains a CpG island, indicated by a hatched box. Sequence matches to ESTs are
indicated by gray boxes. The black arrows indicate the paternally expressed noncoding transcript, Peg13. Pegl3 is contiguous with the genomic
DNA and was identified in two isoforms, with lengths 4419 nt and 4723 nt, which differ at their 5" ends. The Hindlll sites flank the region analyzed
by Southern blot hybridization; the Kpnl site is polymorphic between C57BL/6 and CAST/Ei and specifically digests the C57BL/6 allele. The RT-PCR
product used for expression analysis by using a Kspl RFLP is shown as a white box; the restriction fragment lengths are given. Hin6l and Hpall sites
are given as vertical lines; in some instances, individual sites could not be resolved. (B) Methylation analysis in day-13 fetuses from reciprocal crosses
(B X Cand C X B) between C57BL/6 (B) and CAST/Ei (C). The DNA was digested with Hindlll and Kpnl (=) or in combination with Hin6l (Hi),
Hpall (Hp), or Mspl (M). DNA from fetuses of the parental strain are included as controls.

DISCUSSION

We have developed a screen for imprinted loci based on
methylation and describe here its application to Pg embryos
to perform a genome-wide screen for maternally methylated
DMRs. The screen led to the identification of known im-
printed genes, new DMRs in known imprinted regions, and
novel DMRs associated with novel paternally expressed tran-
scripts. A particular advantage that Me-RDA has in compari-
son to other screening strategies is that it samples many re-
striction fragments at each locus and has the ability to isolate
more than one fragment from a particular gene. This increases
the likelihood that each gene will be sampled at least once
and means that the screen has the potential to be exhaustive.
This is demonstrated here by the identification of Peg1/Mest as
five DPCs and two CPGCs. With smaller restriction fragments
comes the disadvantage that each fragment will yield less se-
quence information. We decided to use the mouse CpG island
library to overcome this; however, with the latest mouse ge-
nome sequence, the genomic location of even the smallest

Me-RDA clone (DPC#17-27, 236 nt) is readily detected by a
BLASTN search. One potential pitfall of the Me-RDA approach
is that the different DNA fragments can hybridize with differ-
ing efficiency during the subtractive hybridization process,
leading to loss of the smaller fragments, as stated before (Kel-
sey et al. 1999). For this reason, DPCs and CPGCs are not
necessarily located within the CpG island defined by se-
quence composition, in which the Hin6l and Hpall sites are
closely clustered. However, all DMRs are likely to have Hin6l
or Hpall fragments within the size range suitable for Me-RDA.
The large number of restriction fragments analyzed in the
Me-RDA screen meant that the pool of difference products
was very complex. As such, it is likely that further known and
novel imprinted genes are contained within these difference
products and would be identified after analysis of additional
DPCs. For example, it is known that Igf2r DMR2 was enriched
in the difference products (R. Smith, unpubl.); yet, this DMR
was not recovered as a DPC in the number examined. In ad-
dition, repeating the screen by using different frequently cut-
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with the full-length transcript sequence. Hybridization with Gapdh gives an indication of the amount of RNA loaded. (B) RT-PCR/RFLP analysis of
imprinted expression of Peg13 in inter-subspecific hybrids of C57BL/6 (B) and CAST/Ei (C) using an RT-PCR product from within the sequence of
EST AW125295. Kspl digests the PCR product from the CAST/Ei allele and assigns the parental origin of alleles in RT-PCRs (+). Control RT reactions
with no reverse transcriptase were included (—). As the transcript runs contiguous to the DNA, PCR amplification from genomic DNA (D) indicates
the presence of both alleles in the hybrid embryos. M is a 100-bp molecular weight marker. (C) Map indicating the position of Peg13 within a large
intron of the gene encoding the mouse homolog of the predicted protein KIAA1882. mCT125203 and mCT9370 are Celera transcripts; ENS-
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containing the DPC#19-2 transcript; both genes are transcribed in the same transcriptional orientation. The RT-PCR product used to investigate

imprinting of mouse KIAA1882 is shown.

ting methylation-sensitive restriction enzymes would be ex-
pected to recover additional imprinted genes.

Of particular note is the fact that all DPCs and CPGCs
recovered in this screen showed the anticipated maternal al-
lele-specific methylation in independent DNA sources (from
UPD animals or interspecific/intersubspecific hybrids)—no
false positives were encountered. This highlights one of the
advantages of a screen based on an epigenetic feature such as
DNA methylation, in comparison to an expression-based
screen, in which the outcome relies more heavily on how well
the RNA sources were matched in terms of developmental
stages, tissues examined, and cell growth characteristics. Fur-
thermore, an expression-based screen is likely also to identify
genes with expression that may be dependent on imprinted
genes, in addition to bona fide imprinted genes. Our Me-RDA
screen, because it focuses on an epigenetic property, should
provide a more reliable estimate of the number of imprinted
genetic elements, namely, DMRs, in the genome. The success
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of our approach in identifying imprinted genes, therefore,
depends on these DMRs being associated with imprinted tran-
scription units. In this screen, there was one fragment
(DPC#17-65) that arose from a maternally methylated DMR
(R. Smith, unpubl.) that could not be associated with a tran-
script. Further investigation is required to determine whether
there really is no transcription at this locus, or whether there
is a transcript that has not been detected previously. We
found, however, that all other DPCs did indeed map at im-
printed transcripts. Therefore, there is no evidence that there
are a large number of DMRs scattered throughout the genome
that are not associated with genomic imprinting. As DMRs in
many cases coincide with imprinting control elements (Yat-
suki et al. 2002), the Me-RDA approach, particularly when
applied to early embryonic material, should be directed pri-
marily toward such elements. The identification of a number
of new DMRs in our screen, in particular, those at nonclus-
tered imprinted genes or microimprinted domains, should
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Mspl (M).

help in understanding the general properties of imprinting
control elements.

The most important aspect of the Me-RDA screen was
that it led to the identification of a number of novel im-
printed genes. One of these genes was SIc38a4 on distal Chr
15, which encodes a system A amino acid transporter and was
independently identified as an imprinted gene in a screen
using microarray comparison of RNAs from Pg and Ag em-
bryos, while this article was in preparation (Mizuno et al.
2002). It is intriguing that SIc38a4 is imprinted in placenta but
not in adult liver, both tissues in which it is highly expressed.
Imprinting in the placenta would be in line with the conflict
theory of the evolution of genomic imprinting (Moore and
Haig 1991). Although Sic38a4 is an imprinted gene on distal
Chr 15, UPD of this Chr was not found to have a gross phe-
notypic effect (Cattanach 1982). It is possible that in this early
study, effects of imprinted expression in the placenta, such as
fetal growth retardation with catch-up during the early post-
natal period, would not have been seen. An alternative expla-
nation is that the presumed lack of expression of Slc38a4 in

the placenta of mice with maternal UPD of Chr 15 could have
been compensated for by other system A amino acid trans-
porters, such as Slc38al or Slc38a2.

A novel imprinted transcript (Nap115) was isolated from
proximal Chr 6. A human homolog of Nap1l5 has been de-
scribed and is located at 4q22.1 (Harada et al. 2002); compa-
rable to the mouse locus, it is found within an intron of
HERC3 containing a CpG island. The protein encoded by
Nap1l5 contains a region shared by members of the nucleo-
some assembly family of proteins. NAPs chaperone histones
to the nucleus and position them onto DNA (Ito et al. 1996;
Rodriguez et al. 1997), and are involved in transcriptional
activation (Asahara et al. 2002) and mitotic events (Altman
and Kellogg 1997). Nap1l5 is intron-less and may have arisen
through retrotransposition of another gene from the NAP
family, the closest being Nap1l2. At least one other gene en-
coding a NAP-related protein, Nap1l/4 on distal Chr 7, is regu-
lated by genomic imprinting (Engemann et al. 2000). It is
possible that Nap115 does not have the same function as other
NAPs, as it is truncated at the C terminus, a region thought to
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Figure 6 Tissue-specific and imprinted expression of Slc38a4 in the mouse. (A) Northern blot hybridization of adult tissues and day-13 foetus
and placenta, using a probe antisense to a portion of the S/c38a4 transcript (146-846 in AX046352). Hybridization with Gapdh gives an indication
of the amount of RNA loaded. (B) RT-PCR/RFLP analysis of imprinted expression of Slc38a4 locus in inter-subspecific hybrids of C57BL/6 (B) and
CAST/Ei (C). Bsml digests the C57BL/6 allele (B), as indicated in the control reactions performed on cDNA from parental strain midgestation
embryos. In each case, the hybrids follow the convention maternal strain X paternal strain. There was no amplification in control reactions
performed without reverse transcriptase (data not shown). M is a 100-bp molecular weight marker.

be important for histone chaperoning (Rodriguez et al. 1997),
and lacks a nuclear localization signal (Harada et al. 2002).

A third novel imprinted gene identified in this investi-
gation, Peg13, is located on distal Chr 15. This is the second
imprinted gene found on this Chr; however, the large dis-
tance (14 Mb) between Peg13 and SIc38a4 indicates that they
do not form a cluster of imprinted genes. In addition, the
human homologs of Slc38a4 (12q12) and KIAA1882 (8q24.3),
which flanks Peg13, are located on separate Chrs. Pegl3 is
intron-less but does not appear to have arisen by retrotrans-
position of another gene as there are no related sequences
elsewhere in the genome. A genomic region homologous to
this transcript is found in the rat genome (AC115133), and
two ESTs from rat brain (AT005934, BE106640) arise from this
locus. A homologous transcript has not been identified in
human; however, it is intriguing that the equivalent intron of
KIAA1882 (XM_072493) to that which contains Peg13 in the
mouse, contains a CpG island and a number of human EST
matches (with no homology with Peg13). Pegl3 seem to fall
within the class of imprinted genes from which RNAs are
transcribed that do not code for a protein. However, it differs
from those described to date as it is not associated with an
imprinted gene that encodes a protein.

It is intriguing that two of the novel imprinted genes
identified in this screen, Nap1l5 and Peg13, are located within
the introns of other genes, which are biallelically expressed.
Such an arrangement has been described as a “microim-
printed domain” (Evans et al. 2001). These imprinted genes
may be relatively recent acquisitions and, as such, may help
us to understand the evolution of imprinting and the nature
of imprinting control elements. Previously described im-
printed genes in microimprinted domains are U2af1-rs1, in an
intron of Murrl (Nabetani et al. 1997), and Nnat, which is in
an intron of Bc10/Blcap (Evans et al. 2001; John et al. 2001).
Nap1l5 is similar to U2af1-rs1, as it is likely that both have
arisen through retrotransposition (Nabetani et al. 1997). It is
possible that retrotransposons may become imprinted
through the retrotransposition process itself, as is seen by the
insertion of intracisternal A particles at the agouti locus (Mor-
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gan et al. 1999), or may carry with them the elements neces-
sary for imprinting, which has been indicated for the InsI
locus (Giddings et al. 1994). In each case, it is anticipated that
imprinting control elements will be found close to the gene
itself. Nnat, in contrast, is proposed to have arisen through a
gain of function of intronic sequences (Evans et al. 2001);
however, it is thought that in this case also, the imprinting
control region is located within close proximity of the gene
(John et al. 2001). It may be the case that Peg13 has evolved
from intronic sequences in the same way that Nnat is pro-
posed to have done. The identification of two additional
genes in microimprinted domains in this investigation indi-
cates that they may be more common than previously
thought and that there may be a number of imprinted genes
that do not reside in imprinting clusters. The study of micro-
imprinted domains such as these will also aid further inves-
tigations into the identification of the minimal elements nec-
essary for imprinting.

METHODS
Pg and N Embryo DNAs

Pg embryos were produced by electroactivation, essentially as
described previously (Dean et al. 2002). Mature oocytes col-
lected from superovulated F, (C57BL/6] X CBA/Ca) females
were activated and cultured to the eight-cell stage. Each Pg
embryo (diploid) was aggregated with two four-cell tetraploid
embryos to improve overall development and reduce variabil-
ity. The tetraploid embryos (F, X SD7) were genetically dis-
tinct from the Pg embryos. Aggregations of Pg and tetraploid
embryos were allowed to develop in vitro to the blastocyst
stage, at which point they were transferred to pseudopregnant
females. Pg embryos were dissected out at day 10 of Pg devel-
opment, and all extraembryonic material was removed. N em-
bryos were collected from matings of F, X F, at a develop-
mental stage to match that of the Pg embryos.

DNA was extracted from individual embryos by protein-
ase K digestion and phenol-chloroform extraction. To ascer-
tain that the tetraploid material was restricted to the extra-
embryonic material and had not contributed to the Pg em-
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bryo, the embryo was genotyped by using PCR-RFLP assays for
the Napll4 (5'-GAAGAATTAATGCCCTGAAGC-3’ and 5'-
AACTTGTCCTCCTCCTCATTC-3' primers, digestion with
Hphl) and H19 (5'-GTGAAGCTGAAAGAACAGATGGTG-3’
and 5'-GTAGGGCATGTTGAACACTTGATG-3’, digestion
with Bgll; Sasaki et al. 1995) genes on distal Chr 7. To exclude
male embryos from the N embryos, they were genotyped by
PCR for the Y Chr Sry (5'-GAGAGCATGGAGGGCCAT-3' and
5'-CCACTCCTCTGTGACACT-3"), using Hprt (5'-GAA
ATGTCAGTTGCTGCGTC-3" and 5'-GCCAACACTGCTGAAA
CATG-3') as an amplification control (Kaneko-Ishino et al.
1995).

Me-RDA

Me-RDA was carried out essentially as described previously
(Kelsey et al. 1999; Peters et al. 1999; Smith and Kelsey 2002).
Briefly, DNAs from pooled Pg or N embryos were separately
digested with the methylation-sensitive restriction enzymes
Hpall (C'CG_G) or Hin6l (G'CG_C). Adaptor molecules were
ligated to the restriction fragments and amplicons produced
in a PCR reaction by using a Tricine buffer (30 mM Tricine at
pH 8.4, 2 mM MgCl,) with 200 uM each dNTP, 2 uM (Hpall
amplicons) or 4 pM (Hin61 amplicons) primer, 0.05 U/uL Taq
DNA polymerase; glycerol (10%) was included in the Hpall
PCR. Subtractions were carried out using Pg amplicons (40 ng)
as the driver and N amplicons (400 ng) as the tester. For the
second and third rounds of subtraction, 100-ng and 2-ng dif-
ference products, respectively, were used with 40-ug Pg am-
plicons. Second- and third-round difference products were
cloned into PBS (Stratagene), as previously described. The rep-
resentation of individual DPCs in N and Pg amplicons was
analyzed by hybridizing amplicons blots with inserts ampli-
fied by PCR using M13 primers and labeled with [a-**P]dCTP
(NEN) by random priming.

Library Screening

Second-round difference products from the Hpall and Hin6l
Me-RDA, and corresponding Pg amplicons, were hybridized
to gridded filters of 138,240 clones from the mouse CpG is-
land library (library number 123 from RZPD; Cross et al.
1997). Clones that hybridized with difference products, but
not with Pg amplicons (CPGCs), were selected for further
analysis, and inserts were amplified from colonies by PCR
using the recommended primers. The RZPD clone numbers
were as follows: CPGC#1 with three equivalent clones
EDIUp123E036Q4 (CPGC#1), EDIUp123D22218Q4
(CPGC#26), and EDIUp123J06320Q4 (CPGC#44); CPGC#2
with two equivalent clones EDIUp123J0231Q4 (CPGC#2)
and EDIUp123M19334Q4 (CPGC#46); CPGC#13 with three
equivalent clones EDIUp123]J16109Q4 (CPGC#13),
EDIUp123N14229Q4 (CPGC#27), and EDIUp123K10243Q4
(CPGC#32); CPGC#17 with two equivalent clones
EDIUp123F12122Q4 (CPGC#17) and EDIUp123D21238Q4
(CPGC#30); CPGC#29 with EDIUp123F08235Q4; CPGC#43
with EDIUp123D10315Q4; and CPGC#49 with
EDIUp123B18346Q4. Individual clones were analyzed for
their representation in Pg and N amplicons by hybridizing
blots of amplicons with labeled inserts. DPC#26-7 (M13 PCR
product) was used to isolate a cosmid (RZPD clone
MPMGc121F05636Q1) from RZPD library number 121, a grid-
ded 129/0Ola mouse cosmid library. A PCR product from
within the DPC#19-2 sequence (primers DPC#19-2F, 5'-
AGCTGCGTTTGAAAGCCTA-3'; DPC#19-2R, 5'-TTAGTGC
ACAGCCACCACAC-3"), which was expressed seguence as de-
termined by RT-PCR, was hybridized to 1.5 X 10° clones from
a 129-strain mouse neonatal brain cDNA library in AZapll
(Stratagene). A selection of positive plaques were excised
to pBluescript SK~ by in vivo excision (Stratagene), and
individual colonies were picked for minipreparation of DNA
(QIAGEN) and sequencing.

Sequencing of Constructs and Computational
Sequence Analysis

The sequences of DPCs and CPGCs were obtained by sequenc-
ing of purified PCR products (QIAGEN) by using the primers
used for PCR amplification. Other clones were sequenced
from plasmid DNA by using a primer within the vector se-
quence. All sequencing was done on an ABI377 (Perkin-
Elmer). Sequences were aligned using the Gap4 program in
Staden (Staden et al. 2000). Database searching was performed
by using the BLASTN (Altschul et al. 1997) and FASTA (Pear-
son 1994) search tools in the Genetics Computer Group
(GCQG) suite GCG10 (Womble 2000). BLASTN searches were
also performed using the Ensembl genome browser (http://
www.ensembl.org) and the Celera discovery system (http://
www.celera.com). CpG islands were identified by using the
CpGplot program in Emboss (Rice et al. 2000).

Methylation Analysis

Tissues from mice with UPD for the region Chr 6 distal to the
T77H breakpoint, (MatDp.dist6 and PatDp.dist6) and normal
littermates were a kind gift from C. Beechey, Harwell, Oxford-
shire, UK (Beechey 2000). RFLPs among M. musculus (C57BL/
6), M. musculus castaneus (CAST/Ei), and M. spretus were used
to distinguish the parental alleles. DNAs were extracted from
T77H MatDp.dist6 and PatDp.dist6 tissues, and from tissues
and fetuses (e13) from interspecific hybrids and backcross ani-
mals (which were genotyped to ensure that they carried the
appropriate alleles at the locus). DNAs were digested with the
RFLP enzyme (when appropriate), in combination with the
methylation-sensitive restriction enzymes Hin6l or Hpall, or
with Mspl, a methylation insensitive isoschizomer of Hpall.
An additional restriction enzyme was used to reduce the size
of fragment analyzed if required. Southern blots of restriction
digests were hybridized with the following probes: DPC#24—
1/Napll5 region with PCR product amplified from AB041556
sequence (2-1733); DPC#26-7/SIc38a4 region with 4.8-kb
Bglll fragment from cosmid MPMGc121F05636Q1 containing
DPC#26-7 and CPGC#29, both labeled by random priming;
and DPC#19-2/Peg13 region with an RNA probe produced by
in vitro transcription from linearized DPC#19-2 incorporat-
ing [a-*?P]UTP.

Expression Analysis

RNAs were prepared from total fetuses (e13), placentae (e13),
and adult tissues by using RNEasy kits (QIAGEN); mRNA
was extracted from adult brain by using Oligotex Direct kit
(QIAGEN). Northern blots were hybridized with RNA probes
produced by in vitro transcription from linearized plasmids of
DPCs or cloned PCR products (Ruppert et al. 1990). Probes
specific to each orientation could be made by choice of RNA
polymerase promoter used. For RT-PCR analysis, RNAs were
reverse transcribed by using Superscriptll (Invitrogen) and ran-
dom hexamers. PCR amplification was performed in a 20 pL
reaction using the first-strand cDNA template, HotStar Taq
DNA polymerase (QIAGEN). The primers used for RT-PCR
were as follows: AW125295-F, 5'-TGACCCAGTGGAGCCTT
TAC-3'; AW125295-R, 5'-CCGTCGTCACAAAGAACAGA-3';
AB041556-32F, 5'-TCTATTGCAGACTGCGCAAC-3/;
AB041556-327R, 5'-GCTTCTGCAGCTTTTTGAGC-3';
AX046352-762F, 5'-TGCATGGTGTTTTTCGTCAG-3';
AX046352-1378R, 5'-GAAGTACGGATCGGGAACAG-3’;
mCT124742-e5F, 5'-TTGTGGAGAGGAGCACACAG-3';
mCT124742-e10R, 5'-TAACTGGGGAATGAGGCAAC-3;
KIAA-RFLP-F, 5'-CTCCTTCCTCTTGCAGACCAT-3’; and
KIAA-RFLP-R, 5'-GTGCTGATCTGCAGTCTTGG-3'. PCR prod-
ucts were purified when required by using a PCR purification
kit (QIAGEN). The AW125295 RT-PCR product (at Peg13) was
digested with Kspl, the AB041556 product (at Nap1l5) with
BstZI; AX046352 RT-PCR product from the Slc38a4 locus was
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digested with BseMI, and the product from the transcript
flanking DPC#19-2 was digested with BseLl. The ends of
Peg13 were determined by 5’ and 3" RACE performed on 250
ng mRNA by using the GeneRacer kit (Invitrogen), according
to the manufacturer’s instructions. The gene-specific primers
used for 5’ and 3' RACE were 5'-GTGCGCCACCAAAAC
CATTCAAGTG-3' and 5'-CACGGCTGCATCTGTTTCCCCAG
GAT-3’. PCR amplification of cDNA was performed using a
touchdown amplification protocol as recommended, and
products were cloned into the pCR4-TOPO vector supplied for
analysis and sequencing.
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