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Mouse U2afl-rsl Is a Neomorphic Imprinted Gene
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The mouse U2af1-rsI gene is an endogenous imprinted gene on the proximal region of chromosome 11. This
gene is transcribed exclusively from the unmethylated paternal allele, while the methylated maternal allele is
silent. An analysis of genome structure of this gene revealed that the whole gene is located in an intron of the
Murrl gene. Although none of the three human U2af]-related genes have been mapped to chromosome 2, the
human homolog of Murrl is assigned to chromosome 2. The mouse Murrl gene is transcribed biallelically, and
therefore it is not imprinted in neonatal mice. Allele-specific methylation is limited to a region around U2afI-
rsI in an intron of Murrl. These results suggest that in chromosomal homology and genomic imprinting, the
U2afl-rs1 gene is distinct from the genome region surrounding it. We have proposed the neomorphic origin of
the U2afI-rs1 gene by retrotransposition and the particular mechanism of genomic imprinting of ectopic genes.

Genomic imprinting is defined as the monoallelic and par-
ent-specific mode of expression of a small number of genes.
Embryonic development in mammals depends on imprinted
genes, and abnormal development occurs in diploid zygotes
that carry only a maternal or paternal set of genomes (40).
Each parental allele must be discriminated in all cells to cause
these phenomena. Little is known about the discriminating
mark or molecular mechanism of imprinting, but DNA meth-
ylation is thought to play an important role (4, 5, 9). Allele-
specific methylation has been observed in all the endogenous
imprinted genes tested so far (33), and some inherit their
methylation status from one gamete (1, 22, 42, 46, 49).

Some common features have been observed in the genome
structures of endogenous imprinted genes reported to date.
For example, imprinted genes often contain direct repetitive
sequences (31). A tendency to have few and small introns is
common (14, 19). Most of the imprinted genes seem to cluster
into certain chromosomal domains, for 7 (or possibly 10) of the
imprinted mouse genes map on two distinct domains of chro-
mosome 7 (2). In human, these two domains are located on
chromosomes 11 and 15. One of them contains five genes
(H19, Igf2, Ins2, Mash2, and p57%'%2), and the other contains at
least two genes (Snrpn and Znf127) in mouse and five genes
(SNRPN, ZNF127, PARI, PARS, and IPW) in human (2, 44,
48). Colocalization of the imprinted genes implies that some
mechanisms related to genomic imprinting may function over
a long chromosomal region, for example, over several hundred
kilobases.

One of the mouse endogenous imprinted genes, U2afl-rsl
(SP2), was isolated by the restriction landmark genomic scan-
ning (RLGS) method, which can display allele-specific meth-
ylation of the genome (15, 18). This gene on chromosome 11 is
transcribed exclusively from the unmethylated paternal allele
and the methylated maternal allele is silent in all the adult
tissues that have been analyzed so far (16, 18). This gene is a
peculiar example of imprinted genes because it has related
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sequences elsewhere in the genome. Three examples in mice,
the U2afl-rsl, Mash2, and Ins genes, have been reported.
These related genes are not clustered in the genome. For
instance, U2afl-rs1 is located on chromosome 11, whereas its
related gene U2afl-rs2 is assigned to chromosome X (47).
Interestingly, while both of the Ins genes are imprinted (10),
U2af1-rs2 is transcribed from both alleles and thus is not im-
printed (47). Although the Mash2 gene is imprinted (11),
Mashl is not because Mashl heterozygous (+/—) mice do not
show any phenotypic characteristics but Mashl knockout
(—/—) mice do (12). Analyses of these genes will provide clues
for elucidating not only the cis-acting region essential for im-
printing, but also the origin of imprinted genes.

In this study, we examined the genome structure around the
mouse endogenous imprinted gene UZ2afI-rsl. We found that it
is located within an intron of the Murrl gene, which is not
imprinted. Taken together with the results from analyses of
homology to the human chromosome and methylation status
around the U2afl-rs] gene, we propose the neomorphic origin
of the mouse imprinted gene U2afl-rsl by retrotransposition.

MATERIALS AND METHODS

Plaque hybridization and isolation of cDNAs. The neonatal mouse cDNA
library used in this study was a lambda gt10 library. Yeast artificial chromosome
(YAC) clone 11/SP2#8 (30) and P1 clones were obtained from commercial
sources, Research Genetics Inc. (Huntsville, Ala.) and Genome Systems Inc. (St.
Louis, Mo.), respectively. Radiolabelled DNA probes were generated from P1 or
pulsed-field-isolated YAC clone 11/SP2#8 and synthesized by the random hex-
amer method (8). Hybridization was performed in a buffer containing 6xX SSC
(6 SSCis 0.9 M NaCl and 0.09 M sodium citrate), 0.1% sodium dodecyl sulfate,
10X Denhardt’s solution (2% each bovine serum albumin, Ficoll, and polyvi-
nylpyrrolidone), 0.5% sodium pyrophosphate, and 100 pg of salmon testis DNA
per ml. The probe was preannealed with an excess amount of mouse liver DNA
to quench repeat hybridization (37). Subsequent screening of the clones of
interest was followed by purification of the DNA fragments and subcloning into
plasmid vectors for sequencing. The isolated clones were confirmed by Southern
analyses (41) of mouse genomic DNA and Saccharomyces cerevisiae DNA har-
boring 11/SP2#8.

Pulsed-field mapping. Agarose plugs containing mouse or yeast cells were
prepared by standard methods (43). Chromosomal DNAs were digested with
restriction enzymes and resolved by pulsed-field gel electrophoresis (PFGE)
using the contour-clamped homogeneous electric field system (Bio-Rad Labo-
ratories). Filters prepared by transferring DNA from gels were hybridized with
cDNA fragments of the U2afI-rsl1, Murrl, or Murr2 gene to determine their
relative map positions. The probes were as follows: U2afl-rs1, NotI-EcoRV or
Smal-Notl fragment (18); Murrl, BamHI-EcoT221, BamHI-Pstl, or PstI-EcoT221
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FIG. 1. Physical mapping of the Murr genes on YAC clone 11/SP2#8. (A) Southern hybridization analysis using either U2afI-rs1, Cct4, Murrl, or Murr2 cDNA as
a probe. DNA samples were from yeast carrying YAC 11/SP2#8 (Y) and female B6 liver cells (M). (B) Location of the genes in 11/SP2#8. The location and direction
of U2afI-rsl transcription (arrow), U2afI-rs1 Notl-EcoRV and YAC right-end fragments used for probes (striped and solid boxes, respectively), and methylated,
unmethylated, and half-methylated NotI sites in B6 liver cells (solid, open, and half-solid lollipops, respectively) are indicated.

fragment of its cDNA (see Fig. 2A); Murr2, an approximately 600-bp fragment
amplified by reverse transcriptase PCR (RT-PCR) with the same pair of primers
used in the expression analysis (see Fig. 5); and Cct4, a 191-bp fragment ampli-
fied by RT-PCR as described elsewhere (30). The DNA fragments corresponding
to the right and left ends of the YAC insert were isolated by inverse PCR as
described previously (20).

Analysis of structure of the Murrl intron. We amplified the Murr] intron
containing U2afI-rs1 by long and accurate PCR (LA-PCR) (3, 6) using two pairs
of primers. LA-PCR was performed according to the instructions of the manu-
facturer (Takara, Kyoto, Japan). The pair of primers used to amplify the up-
stream region of U2afI-rsI was 5'-AAGACTGCTCAGACAAGTG-3' and 5'-G
GCTCTTCCAAAACTTGGAGATGAC-3'. The other pair, used to amplify the
downstream region, was 5'-CAGGAAACAGCTATGACCTTCCATACAGTTT
AAGCTGG-3" and 5'-CAGGAAACAGCTATGACCATGGGTGGCAAGTC
CCTG-3'. The amplified fragments from the P1 clones were cloned into plasmid
vectors and/or subjected to restriction mapping and sequencing analyses. The
sequences thus determined were compared to the cDNA sequence of Murrl, and
the junctions between exons and the intron were determined.

Chromosomal assignment of the human MURRI gene. A cDNA fragment of
human MURRI was isolated from adult leukocytes by RT-PCR, and primers for
the reaction were 5'-GACACTTTCCACGGGTACC-3’ and 5'-ACAGCGTCT
TCAGAATTTGG-3'. The pair of primers used to amplify the genomic human
MURRI locus was 5'-GACACTTTCCACGGGTACC-3' and 5'-CCCCCTCAT
CTTTGCCAGA-3'. The hybrid cell panel used in this study is a series of 23
human X mouse A9 or Chinese hamster hybrid cell clones each containing a
single human chromosome (26). Chromosomal DNAs prepared from the hybrid
cell clones were analyzed by PCR, and 40 cycles of the reaction (95°C for 1 min,
60°C for 1 min, and 72°C for 1 min) were employed.

RT-PCR analysis of gene expression. Four kinds of mouse strains were used in
this analysis: C57BL/6 (B6) and PWK and the F; mice obtained by reciprocal
crosses of them, (PWK X B6)F, (referred to as PBF1) and (B6 X PWK)F,
(BPF1). cDNAs from neonatal mice were prepared and RT-PCR was performed
by methods reported previously (17). The primers used for Murrl and Murr2

were as follows: Murrl, 5'-CAGGAAACAGCTATGACCATGGGTGGCAAG
TCCCTG-3' and 5'-TGTAAAACGACGGCCAGTGGTAACACCAGTGGGC
AAAC-3"; Murr2, 5'-TGTAAAACGACGGCCAGTAGAAGATATTGGTGG
TCG-3" and 5'-CAGGAAACAGCTATGACCTACTGGGGACTGAATGGG-
3'. Polymorphisms between B6 and PWK were found by sequencing of the
RT-PCR products, and the 5" parts of the primers were used for specific se-
quencing primers. The Murr] RT-PCR products were subjected to BspHI diges-
tion, and the Murr2 products were purified by agarose gel electrophoresis and
then sequenced. PCR was performed for 30 cycles, and under these conditions
the amplification was found to be quantitative and sensitive to both alleles (data
not shown).

Methylation analysis of DNA. Long-range analysis of the methylation status
was performed by using PFGE, similar to the pulsed-field mapping method
described above. Methylation analysis by Southern blotting following conven-
tional agarose gel electrophoresis was performed as described previously (18).
The probes were prehybridized with an excess amount of mouse liver DNA to
quench repeat hybridization (37). Allelic analyses of methylation were per-
formed by a PCR-based strategy (see Fig. 7A). Chromosomal DNAs isolated
from PBF1 or BPF1 liver cells were subjected to digestion by Hpall followed by
PCR with a pair of primers (5-TAAAGCCCATAAGCTATGGG-3’ and 5'-C
AGTCTTACAGAAGTCTCTG-3') for site 2/Hpall. For the Smal/Hpall site,
oligonucleotides 5'-TGCTGGCAGCTCACCTTC-3" and 5'-CAGAACAAATG
AAAGGAATG-3' were used. The allelism of methylation of the Hpall site was
determined by sequencing the PCR products and checking the polymorphic
nucleotides.

Nucleotide sequence accession numbers. The Murrl and Murr2 cDNA se-
quences will appear in the DDBJ database under accession no. D85430 and
D85434, respectively. The sequences around the exon-intron junctions of Murrl
have been given DDBJ accession no. D85431 (the 5’ side) and D85432 (the 3’
side), respectively. A cDNA fragment of human MURRI was sequenced and
given DDBJ accession no. D85433.
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FIG. 2. Mapping of the U2afI-rsI gene in an intron of the Murrl gene. (A)
The cDNA structure of Murrl and the relative positions of the probes used for
Southern analysis. Fragment B-P (184 bp) is a BamHI-PstI fragment and was
used to probe the 5’ part, while fragment P-E (447 bp) is a PstI-EcoT221
fragment and was used to probe the 3’ part. The B-E probe (712 bp) is a
BamHI-EcoT221 fragment that contains almost the whole Murrl cDNA region.
The position of the intron that contains the U2afI-rs1 gene (Fig. 3B) is indicated
(triangle). (B) Southern analysis of YAC 11/SP2#8 (Y) or chromosomal DNA
from the liver cells of female B6 mice (M). Each of the two YAC DNA bands
identified by probe B-E was also detected by probe B-P or P-E. (C) The map
constructed for the B6 liver DNA. The directions of transcription of both Murrl
and U2afl-rs] genes (arrows), an intron of Murrl (dotted line), and the position
of the Smal-Notl fragment of the U2afI-rsI gene (dotted box) are shown. The
methylation status of each Notl site is indicated as described for Fig. 1B.

RESULTS

Identification of novel genes that are located around the
imprinted gene U2afl-rs1. To analyze the genome structure of
the region around the mouse imprinted gene UZafl-rsl, we
used genomic DNA clones from YAC and P1 libraries that
contained the U2afl-rsI gene. When we analyzed the P1
clones, we found a kind of transcript in the insert which was
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distinct from UZafl-rsi. By screening the cDNA library of
neonatal B6 mice, we obtained the cDNA clone of interest. A
part of this cDNA sequence has been identified as an ex-
pressed sequence tag (EST), MUSGS00552, expressed in
mouse embryo. A cDNA similar to MUSGS00552 in human
found in a database, named ye60f08, is an EST in the fetal liver
and spleen. The mouse and human cDNAs had strong homol-
ogy (87.3% in the sequenced region), and it was suggested that
they are homologous genes. We named them Murrl (mouse)
and MURRI (human), for the gene that locates in the mouse
U2af1-rs1 region. These sequences had no significant homol-
ogy to any other sequence that has been reported so far.

To isolate other genes located around the mouse U2afI-rs]
gene, we screened the same cDNA library using the whole
fragment of YAC clone 11/SP2#8 as a probe (30). We iden-
tified four cDNAs, and three were found to be U2afl-rsl,
Murrl, and Cct4. We have previously shown that the Cct4 gene
is located on 11/SP2#8 (30). Sequence analysis of the last
cDNA, named Murr2, revealed that it is a novel mouse gene. It
has significant homology to clone HEA02T (91.3% in the se-
quenced region), which is an EST expressed in human heart.

Physical mapping of these genes was performed with YAC
clone 11/SP2#8. Notl digests of chromosomal DNA from yeast
cells containing 11/SP2#8 or liver cells of female B6 mice were
resolved by PFGE, and Southern hybridization analysis was
performed using the cDNA fragments as probes (Fig. 1A). The
Notl-EcoRV probe of the U2afl-rsI gene cross-hybridized to a
300-kb band of the YAC DNA. This was the same size as one
of the two bands detected by the Murrl probe. The other was
a 120-kb band, the same size as the band detected by the YAC
left-end probe (data not shown), while the 280-kb YAC frag-
ment detected by the Murr2 probe was the same as that de-
tected by the right-end probe (Fig. 1A). Two bands (350 and
480 kb) found in B6 cells by the U2afI-rs1 or Cct4 probe were
due to the allele-specific status of methylation of the NotI sites
in the U2afl-rsl gene (16, 18, 30). The 350-kb band showed
that the NotI site, which is found 300 kb away from U2afl-rsl,
is fully methylated in B6 liver cells. The result obtained with
the Murrl probe agreed with this finding. The position of
Murrl in relation to the UZafl-rsl gene is described in detail
below. The locations of genes on YAC 11/SP2#8 are summa-
rized in Fig. 1B.

An intron of the mouse Murrl gene contains the imprinted
gene U2afl-rs1. To map the mouse Murrl gene relative to the
U2afl-rs1 gene, we performed restriction mapping and se-
quencing (Fig. 2 and 3). Pulsed-field mapping analyses of the
Notl digests of genomic DNAs which were prepared from yeast
cells with 11/SP2#8 and from liver cells of female B6 mice
were executed (Fig. 2B). Three kinds of Murrl cDNA frag-
ments, B-P (for the 5’ region), P-E (for the 3’ region), and B-E
(for the whole region), were used as probes (Fig. 2A). The 5’
and 3’ ¢cDNA probes hybridized with the 300- and 120-kb
bands of Norl-digested YAC DNA, respectively. The 300-kb
NotI band was detected with a NotI-EcoRV probe (down-
stream region) of U2af1-rs1 (Fig. 1A), and the 120-kb band was
detected with a Smal-Notl probe (upstream) (Fig. 2B). Since
U2afl-rs1 has one Notl site and no introns, we concluded that
the Murrl gene has an intron that contains the whole U2afI-rs1
gene. The results with mouse DNA coincided with those for
the YAC clone. The 5" probe of Murrl hybridized to 350- and
480-kb bands of NorI-digested B6 DNA, while the 3’ probe
hybridized to 130- and 480-kb bands. Two bands detected in
mouse liver cells were due to allele-specific methylation of the
Notl site in the UZafl-rsl gene. The bands detected by the
whole cDNA fragment probe were those detected by both 5’
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FIG. 3. The structure of the Murrl intron that contains the U2afl-rsI gene. (A) Restriction map of the intron. The exons (solid boxes) and the directions of
transcription (arrows) for each gene, the fragments obtained by LA-PCR (dotted lines), and the positions of primer pairs (arrowheads) are shown. The positions of
the BamHI (B) and HindIII (H) sites are also indicated. (B) DNA sequences of the exon-intron junction of the Murrl gene. The exon and intron sequences are indicated
(uppercase and lowercase, respectively). The restriction sites shown in the sequences were used to obtain the probe for pulsed-field mapping in Fig. 2.

and 3’ probes in either YAC or mouse DNA. The result of
restriction mapping of Murrl gene is summarized in Fig. 2C.

The genomic structure of this region, which is within an
intron of Murrl, was confirmed by sequencing the exon-intron
junctions (Fig. 3). By LA-PCR using two pairs of oligonucle-
otide primers corresponding to the cDNA sequence of Murr]
and the genomic sequence of U2afI-rsi, we amplified DNA
fragments from the P1 clones. Restriction mapping of the
amplified DNA fragments showed that the size of this intron of
Murr]l gene is about 26.5 kb (Fig. 3A). As expected from
Southern analysis, the transcription of the two genes occurs in
opposite directions. Comparison of the cDNA and genomic
DNA sequences revealed the exon-intron junctions of Murrl in
this region (Fig. 3B). This is the first example of an endogenous
imprinted gene (U2af1-rs1) found in the intron of another gene
(Murrl).

Chromosomal homology and syntenic relation of the mouse
U2afl-rs1 region. The U2afl-rs1 gene has been assigned to the
proximal region of chromosome 11 by genetic mapping (18,
21). In another report, we showed that the Cct4 gene is located
within about 300 kb of U2afI-rs1 (30). Since the homolog of
Cct4 was assigned to human chromosome 2 and none of the
U2afi-related genes were mapped on it (23, 25), there may be
a junction of chromosomal homology between the U2afl-rsi
and the Cct4 genes (30).

When we analyzed the syntenic relation of this region, we
expected to find the feature of the genomic structure of U2af1-
rsI. We then tried to determine to which chromosome the
human MURRI gene is assigned. We used the microcell hybrid
panel, which is a set of mouse cell lines each containing a single
human chromosome (26). Chromosomal DNAs from this
panel were analyzed by PCR using a pair of primers for human
MURRI, and the amplified fragment was observed only in the
hybrid cell line that carried human chromosome 2 (Fig. 4A).
Furthermore, Southern analysis showed that the mouse Murr!
cDNA fragment was hybridized with the specific restriction

fragments of human genomic DNA, and they were on human
chromosome 2, rather than chromosome 5 (Fig. 4B). These
results indicated that MURRI, the human homolog of the
mouse Murrl gene, was assigned to chromosome 2. According
to the location of the mouse Murrl, Cct4, and other genes, we
concluded that this region is conserved between mouse and
human genes (Fig. 4C). However, as described above, none of
the U2afl-related genes were identified on human chromo-
some 2. To explain this, we propose that a transposition into
this region would result in the formation of the mouse im-
printed gene U2afl-rsi, as discussed below.

Imprint tests for genes around the mouse U2afl-rsl gene.
Ten of 18 endogenous imprinted genes so far reported cluster
into two domains of the genome (2). If similar mechanisms of
genomic imprinting occur in the mouse U2afI-rs] region and if
colocalization is conserved, some imprinted genes might exist
near the U2afl-rs1 gene. Thus, we tested for genomic imprint-
ing of the genes around U2afl-rsl.

As reported before, U2afl-rsI is imprinted and the paternal
allele is preferentially expressed (16, 18), while Cct4 is ex-
pressed biallelically (30). We examined which allele(s) is ex-
pressed by using a polymorphism in the exon sequence of the
Murrl or Murr2 gene between two mouse strains, B6 and PWK.
The fragments amplified by RT-PCR were subjected to diges-
tion with BspHI (Murrl) or sequencing analysis (Murr2). When
we analyzed the poly(A)" RNAs prepared from the neonatal
progenies derived by reciprocal backcrosses of two strains,
both the B6 and the PWK alleles of Murrl and Murr2 were
found to be transcribed in both kinds of F; mice (Fig. 5). These
results showed that both Murrl and Murr2 are expressed bial-
lelically, and therefore they are not imprinted in neonatal
mice. The location of the imprinted gene UZ2afi-rs] within an
intron of the biallelically expressed gene Murrl suggested that
U2afl-rs1 is isolated from other imprinted genes.

Methylation status of the U2afI-rsl region. DNA methyl-
ation specific to the silent allele was observed previously in



VoL. 17, 1997
A
85 Hybrid Cells (Human Chromosome no.)
3 E
2712345678 910111213141516171819202122 X
108 bp—
B BamH| EcoRl
M H25 MHZ2S5
(size: bp)

2s130— M
L

9416—

-— human(B)
B557—"—- “®—human(F)
4361—
-
2322—
2027—

IMPRINTED GENE FORMED BY TRANSPOSITION 793

C
Chromosome 11
®
22
Gk
\Ddc
7
gt genes on human
L 11/SP2#8 homolog
| Spnb2
2| |ret <—U2af1-rs1
Murr1 Ch. 2
16| Hba Murr?2 not determined
Cct4 Ch.2
|Gabra1
Gabra2
5
/
homologousfmouse
chromosome| genes
of human

FIG. 4. The chromosomal location of the mouse Murrl and U2afl-rsl genes on the proximal region of chromosome 11 syntenic to human chromosome 2. (A)
Chromosomal assignment of the human MURRI gene by PCR analysis. By using a pair of primers specific for the human MURRI gene, a 108-bp fragment was amplified
by PCR. Lanes Mouse and Human, original mouse and human cells used for constructing this hybrid cell panel. (B) Chromosomal assignment of the human gene
homologous to the mouse Murrl gene. Five micrograms of chromosomal DNA from hybrid cells containing human chromosome 2 (lanes 2) or 5 (lanes 5) was subjected
to Southern analysis. Lanes M and H, the same mouse and human cells as in panel A. The probe was the mouse Murr! cDNA fragment (B-E in Fig. 2A). The bands
specific to human genes are noted (arrow). (C) A genetic map of the proximal region of mouse chromosome 11. The human homologs of Murrl and Cct4 in 11/SP2#8
were assigned to chromosome 2 (Ch. 2) (panels A and B) (23). Since the mouse U2afI-rs1 gene is mapped to the region of conserved synteny to human chromosome
2, and since no UZ2afl-related genes were found on it, there are no corresponding counterparts of mouse imprinted gene U2afI-rs! in human.

imprinted genes (33). In the case of U2afI-rsI, the silent ma-
ternal allele is hypermethylated (16, 18). Therefore, by analyz-
ing the methylation status of the region around the mouse
U2afl-rs1 gene, we tried to estimate the chromosomal domain
in which the genomic imprinting mechanism operates.

We constructed a restriction map of the region around the
U2afl-rs1 gene by Southern analyses of 11/SP2#8 and genomic
DNA from the liver of adult female B6 mice (Fig. 6). Restric-
tion endonucleases sensitive to cytosine methylation were used
to analyze the methylation status of this region. The YAC
DNA was used as a control for negative methylation. Long-
range restriction mapping by PFGE revealed that the NotI-
EcoRYV probe of U2afl-rsI cross-hybridized with two bands
of 30 and 180 kb in the NotI- and BssHII-digested B6 DNA
and two bands of 20 and 165 kb in the Notl- and Sacll-
digested B6 DNA (Fig. 6A). The larger fragments of the two
digests were deduced to be from the allele with the meth-
ylated Notl site of U2afl-rsl, and the smaller ones were
deduced to be from the allele with the unmethylated site. The
smaller ones were the same size as the YAC bands. These
results showed that both BssHII and SaclI sites were unmeth-
ylated, each of which is about 20 or 30 kb away from the
U2afl-rsl gene.

We further examined the methylation status in the upstream
and downstream regions of U2af1-rsl, which are included in an
intron of the Murrl gene. Southern blot analyses demonstrated

that the methylation pattern of the U2af1-rsI gene was limited
to within the intron of Murrl (Fig. 6C). For instance, both
paternal and maternal alleles of the BsaAl site (site 1)
located about 5 kb upstream of the transcription initiation
site were completely methylated. In the upstream region,
the most distant site that is partially methylated, like the
coding region, was the Hpall site located about 2.5 kb up-
stream of the initiation site (site 2/Hpall). The Hhal site about
1 kb downstream from the poly(A)™ signal was fully methyl-
ated. The results of the restriction mapping analyses are sum-
marized in Fig. 6B and D.

Finally, we tested the allele specificity of partially methylated
sites. The PCR-based method was applied to chromosomal
DNA from liver cells of two strains obtained by reciprocal
crosses between B6 and PWK. We found that the methylation
status of site 2/Hpall was independent from parental origin
while that of the Smal/Hpall site (0.2 kb upstream) was spe-
cific to the maternal allele (Fig. 7B). This allelism of the Smal/
Hpall site was consistent with the result of Southern analysis
using restriction fragment length polymorphism (16). The
methylation of site 3/Hpall was also particular to the maternal
allele (data not shown). These results suggested that the region
with allele-specific methylation status is limited to just around
U2afl-rsl. This restricted area of the methylation pattern cor-
responds well to the biallelic pattern of Murrl gene expression.
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FIG. 5. Imprint tests for the Murrl and Murr2 genes by RT-PCR. (A) Anal-
ysis of Murrl expression in neonatal mice. B6, PWK, PBF1, and BPF1, mouse
strains used as the sources of poly(A)" RNA (see Materials and Methods).
RT-PCR yielded an 805-bp fragment and was followed by BspHI digestion for a
restriction polymorphism between B6 and PWK. The possibility of amplification
of contaminating chromosomal DNA has been excluded because there is an
intron, containing the U2afI-rsI gene, between two primers. (B) Analysis of
Murr2 expression in neonatal mice. Sequencing analysis was performed after
purification of the amplified fragments (about 600 bp) by RT-PCR. The position
of the polymorphism between B6 and PWK is indicated (arrows). The 600-bp
band was produced by the amplification of cDNA, not chromosomal DNA, for
approximately 2-kb products by PCR of chromosomal DNA with the same pair
of primers (data not shown).

PBF1 BPF1

G+T G+T

Y {
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CCCTTC NGAAGAAC A TT;

DISCUSSION

In this study, we elucidated the genome structure of the
mouse imprinted gene UZafl-rsl, the imprinting status of
genes around UZafl-rsl, and the methylation status of this
chromosomal region. First, we identified mouse genes located
around the imprinted gene UZ2afi-rsl. The structure of the
genomic DNA revealed that one of them, named Murrl, con-
tains the whole U2afl-rs1 gene within one of its introns. The
human homolog of Murrl is mapped to chromosome 2, as are
some of the other genes on the proximal region of mouse
chromosome 11. Second, we tested Murrl and Murr2 for im-
printing. Biallelic expression of the Murrl gene suggests that
the genome structure around the UZafI-rsI gene is distinct
from the two chromosomal domains where several imprinted
genes cluster. Third, the methylation status characteristic of
imprinted genes was found to be limited to just around the
U2afl-rs1 gene. These results suggested that the mouse U2af1-
rsl gene has a neomorphic origin and that other endogenous
imprinted genes might arise by transposition.

The origin of the U2aflI-rslI gene as a transposon. We
showed that the mouse UZ2af1-rsI gene is located on the region
of conserved synteny to human chromosome 2 (Fig. 4). The
human homologs of the Murrl and Cct4 genes were assigned to
chromosome 2 (Fig. 4) (23). Mouse Murrl has an approxi-
mately 26.5-kb intron that contains the whole of UZafI-rsI
(Fig. 2 and 3), while Cct4 is located within 300 kb of U2af1-rs!
(30). Spnb2 (beta-spectrin 2 gene) and Rel (reticuloendotheli-
osis oncogene), which are located in the proximal region of
mouse chromosome 11, are other examples of genes whose

human homologs are also mapped to chromosome 2 (data
obtained from the Mouse Genome Database [MGD] at Jack-
son Laboratory and from the Genome Data Base [GDB] at
Johns Hopkins University).

However, none of the three UZafl-related genes were as-
signed to human chromosome 2 (25). Furthermore, Southern
analyses of the microcell hybrid panel suggested that there are
no U2afl-related genes on human chromosome 2 (25, 29). The
discrepancy of chromosomal homology around the mouse
U2afl-rs1 gene suggested that its origin is distinct from the
genes around it. It is likely that transposition into an intron of
the Murrl gene has resulted in the formation of U2afI-rs1. The
genome structure of U2afl-rs2, another U2afl-related gene in
mouse on chromosome X, supports this idea. U2afI-rsl is in-
tronless, while the U2afl-rs2 gene seems to have introns, as
determined by Southern analysis (28). We hypothesize that the
retrotransposition of U2afl-rs2 on the X chromosome could
form the U2afl-rsI gene. This transposition must have oc-
curred after mice and humans diverged, because there are no
U2afl-related genes on human chromosome 2.

It is true that the human U24FI-RS1 gene on chromosome
5 had been regarded as the homolog of the mouse imprinted
gene U2afl-rs1 (21, 25). However, we should amend this idea
because it is inconsistent with some apparent results. At first, in
either nucleotide or amino acid sequence, human U24AF1-RSI
appeared to be more similar to mouse U2afI-rs2 on chromo-
some X than to U2afl-rs1 (25). In this study, we showed that
the mouse U2afl-rsl gene was mapped within an intron of the
Murrl gene, on the region with conserved synteny to human
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FIG. 6. Methylation status of the U2afI-rsI region. (A) Long-range methylation analysis by PFGE using restriction endonucleases sensitive to DNA methylation.
Y and M, YAC 11/SP2#8 and female B6 mouse liver DNA, respectively; B, BssHIL; E, Eagl; N, Notl; and S, Sacll. The probe used was the NotI-EcoRV fragment of
U2afl-rsl (striped box in Fig. 1B). (B) Summary of the long-range methylation analysis of female B6 liver DNA. Restriction sites which were unmethylated, methylated,
and allele-specific methylated, (open, solid, and half-solid lollipops, respectively) are shown. (C) Methylation status of the flanking regions of the mouse U2afI-rsI gene.
11/SP2#8 (Y) or B6 (M) DNAs were digested with HindIII (sites 1 and 3 to 5) or BamHI and HindIII (site 2) and subjected to Southern hybridization analyses. The
restriction enzymes indicated are sensitive to methylation. (D) Summary of the methylation analysis of female B6 mouse liver DNA around the U2afI-rsI gene. The
lollipop symbols are the same as for panel B, and the hatched ones represent partially methylated sites. Transcription of U2afl-rsI (wavy line) and the initiation site
and poly(A)™ signal (solid circle and arrowhead, respectively) are shown. The probes used for Southern analyses (solid boxes) and the sites analyzed by these probes
(numbers) and the positions of the BamHI (B) and HindIII (H) sites are also indicated.

chromosome 2. To account for all results reported to date, we
concluded that the human U24F1-RS1 gene is not the coun-
terpart of mouse U2afl-rs1. This view could be consistent with
the absence of imprinting of human U2AFI-RS1 (24, 32).

The unique genome structure of U2af1-rs1 as an imprinted
gene. Clustering into chromosomal domains was thought of as
one of the characteristic features of endogenous imprinted
genes (2). This feature implied that the mechanism causing
genomic imprinting would function over long chromosomal
regions. However, the mouse U2afI-rs1 gene does not appear
to be clustered. We showed that neither the Murrl nor the
Murr2 gene is imprinted (Fig. 5) and that the U2af1-rs1 gene is
located in an intron of the Murrl gene (Fig. 2 and 3). These
results suggested that the chromosomal domain under the con-
trol of genomic imprinting is limited to the region just around
the U2afl-rs1 gene. This idea is supported by the limited area
of allele-specific methylation around the U2afI-rs1 gene (Fig. 6
and 7). There may be boundaries of the chromosomal domains
near U2afl-rsl, one that is imprinted and another that is not
imprinted. Since these boundaries seemed to correlate with the
discrepancy of chromosomal homology in the Murr! intron
(Fig. 4), the imprinting mechanism of U2afl-rs] may be related
to its origin as a transposon.

Among the endogenous imprinted genes reported so far, the
mouse Ins! (insulin 1) gene may have features in common with
U2afl-rsl, as it is an imprinted transposon (10). The Ins! gene
on chromosome 19 is thought to originate by retrotransposi-
tion of the other insulin gene, Ins2, on chromosome 7 (39).
Only one insulin gene, which is homologous to the mouse Ins2

gene, was found on human chromosome 11, and therefore Ins/
must have formed after mice and humans diverged, like the
U2afl-rs1 gene.

Mechanisms of the genomic imprinting of neomorphic genes.
As described above, we hypothesize that the U2afl-rsi gene
has arisen by retrotransposition. This suggests that the mech-
anism of the imprinting of U2afI-rs1 may be related to that of
transgene imprinting. It has been shown that some transgenes
exhibit allele-specific expression and methylation patterns de-
pendent on the parental lineage (13, 34, 36, 45). As a result
of the transposition into an intron of Murrl, the neomorphic
U2afl-rs1 gene behaves like an imprinted transgene. Although
we are not yet sure how the other endogenous imprinted genes
originated, it is possible that some of them were created by
transposition. If retrotransposition is a common mechanism
for the formation of imprinted genes, they may tend to have
few and small introns (14, 19).

Since the mouse UZ2afI-rs2 gene, the hypothetical origin of
U2afl-rs1, was not imprinted (47), the original structure before
transposition is not thought to contain the complete cis-acting
structure for imprinting in its DNA sequences. This suggests
that whether a transposon becomes imprinted depends on its
position of insertion and/or its modifications. The unique re-
peats found in the 5’ untranslated region of the mouse UZafI-
rsl gene (16) may represent the modification necessary for a
gene to be imprinted. This idea is supported by the absence of
imprinting of U2AF1-RS1, which is one of the UZafI-related
genes on human chromosome 5 and does not contain any
repetitive sequences (24, 32). Furthermore, nuclease-hyper-
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FIG. 8. Similarities in the genome structure of the U2afI-rs1 region and the
dominant alleles of the agouti mutation (7, 27). The transcripts in each region
(arrows) are indicated (transcripts of allele-specific [wavy lines] or biallelic [solid
lines| expression). The expression patterns of transcripts represented by the
dotted line were not determined. The phenotype dependent on the parental
lineage of the dominant agouti alleles is due to ectopic transcription from the
cryptic promoter [agouti (C)] in the long terminal repeat (solid boxes) of IAP,
rather than that from the native agouti promoter [agouti (N)].

sensitive sites of chromatin specific to transcribed or paternal
alleles were organized just around the repetitive sequences of
the mouse U2afl-rsI gene (29, 38). Repetitive sequences ob-
served in some imprinted genes have been discussed in relation
to the mechanisms of genomic imprinting (31).

We might obtain some more information about the mecha-
nisms of transposon imprinting from the features of the mouse
U2afl-rs1 genome structure itself. This gene is transcribed in
the direction opposite to that of the Murrl gene (Fig. 2 and 3).
If a transposon is inserted into a region with transcription in
the opposite direction, it may have a chance to be imprinted. It
has been reported that some dominant agouti alleles in mice
contain a retrotransposon-like element, IAP (intracisternal A-
particle) (7, 27). Each IAP insertion found in three different
alleles is oriented in the direction opposite to the agouti tran-
scription. The expression of the agouti phenotypes of these
alleles is dependent on the parental lineage, and the common
mechanism for the imprinting of neomorphic genes would
function in the case of the mouse U2afI-rs1 gene (Fig. 8). It is
difficult to compare the two examples directly, but it is possible
that the transcription of the IAPs, which corresponds to U2af1-
rsl, is imprinted, too. This is supported by the fact that the
methylation status of IAPs is dependent on their parental
origin (35).

Further analyses may reveal whether the other endogenous
imprinted genes are neomorphic and whether they have mech-
anisms related to that of UZafl-rsi. In addition, the mouse
U2afl-rs1 region could help in the analysis of the mechanism of
genomic imprinting, since the cis-acting region for imprinting
would be restricted in the Murrl intron. Analysis of this region
may reveal a simple model for genomic imprinting and provide
clues to the mechanisms of allele-specific regulation of gene
expression.
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