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ABSTRACT

The mouse U2afl-rsl(SP2) gene, which was cloned by
a two-dimensional genome scanning method, is ex-
pressed exclusively from the paternally inherited
chromosome. This gene has significant similarity to
U2AF and located in chromosome 11, of which
maternal duplication/paternal deficiency results in a
small body. In this report, we cloned genomic
U2afl-rs1(SP2)and found its promoter was methylated
in a maternal-allele-specific manner. This allelic methy-
lation was not established in parental gametes, but
established between 1.5 d.p.c. and 12.5 d.p.c. on the
contrary, the allele-specific expression occurred in the
two-cell stage when transcription initiates. Absence of
the methylation of the upstream region in this stage
indicates that methylation is not necessary for in-
activation of the expression.

INTRODUCTION
Genomic imprinting is the parental-allele-specific expression of
genes. In. mammals, parental imprinting ensures functional
inequality of paternal and maternal genomes in the fertilized egg
and causes developmental failure of embryos produced by
parthenogenesis or by gynogenesis or androgenesis (1). Parental
effect on particular chromosomal regions involving embryo
survival and gross phenotypic abnormalities were unequivocally
documented by producing paternal or maternal disomies by
means ofRobertsonian and reciprocal translocations in the mouse
(2,3). Such studies have established the fact that several
autosomal chromosomes are concerned in imprinting.

In general, an inverse correlation between gene expression and
DNA methylation at CpG dinucleotides has been established for
a variety of vertebrate and viral genes (4). Therefore DNA
methylation may be involved in regulation ofgenomic imprinting
(5-8). We have recently cloned an imprinted gene SP2 by
searching for parental-origin-specific CpG methylation using
restriction landmark genome scanning (RLGS) (9,10). This gene
is methylated at NotI site on the maternal allele and expressed
from the paternal allele. SP2 encodes a putative 51 Kd protein

DDBJ accession no. D26474

with significant similarity to U2 small nuclear ribonucleoprotein
auxiliary factor (U2AF), an essential mammalian splicing factor,
and is located on mouse chromosome 11, of which maternal
duplication/paternal deficiency results in a small body (2). SP2
expressed predominantly in the brain (9), specially in the
pyramidal neurons in the hyppocampus and dental gyrus
(unpublished data). We renamed SP2 as U2afl-rsl because
several related genes have been isolated in mouse and human
(unpublished data).

In this study, we cloned genomic U2afl-rsl to identify the
promoter and study whether methylation occurred in an allele-
specific manner. Furthermore, we examined the methylation in
gamete and expression and methylation in the two-cell embryo.

MATERIALS AND METHODS

Cloning

Genomic DNA was isolated from mouse liver and digested with
XbaI and electrophoresed on Seakem GTG (FMC). Fragments
around 8.3-kb were cut out from the gel and purified by
PREP-A-GENE kit (Bio Rad) to perform ligation with XZAP
XbaI digest. This library was screened with the 32P-labeled insert
of pSP2 (9). Recombinant clone Xb5- 1S was obtained from this
library.

Sequencing

The insert of Xb5-IS was subcloned into pBluescript and the
sequence around the mRNA coding region was determined by the
primer walking method, employing the Taq dideoxyterminator
kit (ABI).

RACE

RACE (11) was performed by using the 5'-AmpliFINDER
RACE kit (CLONTECH). The primer used for First-strand
cDNA was 5'-CAGTCACCAGGTATCTGCA-3' and that used
for PCR was 5'-AGTTATCCGCAGTATGTCTG-3'.
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CpG island analysis

The sequence of XbS- lS was analyzed by using the 'CpG Bio'
program (9).

Harrplot

Harrplot (12) was performed by using GENTYX-MAC HARR
PLOT software.

Plasmid construction

pDra-Cp-CAT was constructed by inserting a 398 bp DraI-CspI
fragment of pXb5-IS, which contains from 346 bp upstream to
51 bp downstream of the transcription initiation site, into the
HindIII site of O/A CAT (13).

DNA transfection and CAT assay

L cells were cultured in minimum essential medium with 10%
fetal calf serum. For each 3.5 cm dish, 1 mg of DNA was

transfected by using LIPOFECTAMINE (Gibco-BRL). 48 h after
transfection, 20 mg of total protein was assayed for CAT activity
by the method described by Sleigh (14). Each assay was repeated
at least three times.

Southern analysis

Hybridization of Southern analysis was performed for 20 h at
65°C in a solution of 6x SSC (0.9 M NaCl and 0.09 M sodium
citrate), 0.5% (W/V) SDS, 5x Denhardt's solution (1% each
BSA, Ficoll and polyvinlpyrolidone), 100 mg/ml of heat-dena-
tured herring-sperm DNA and heat-denatured probes (1 x 106
c.p.m./ml). Membranes were washed for 20 min at 65°C in 0.2x
SSC, 0.1% SDS.

Isolation of sperm, oocytes and embryos

Standard techniques were used for obtaining sperm eggs and
zygotes (15). Sperm were collected by squeezing resected
epididymides.
Female mice were injected with 5 IU of pregnant mares' serum

(PMS), followed by an injection 44 48 h later of 5 IU of human
chorionic gonadotropin (hCG). After injection, females were

housed overnight with PWK males. Embryos were collected at
the one-cell (0.5 d.p.c.) and two-cell (1.5 d.p.c.) stages. Unfertil-
ized eggs were flushed from the oviducts of superovulated
females 18 h after hCG injection and then treated with
hyaluronidase to remove adherent cumulus cells. Embryos were
flushed from the oviducts of mice into the medium and then
treated with Acid Tyrode to remove the zona pellucida. Eggs and
embryos were collected by micropipette and washed several
times with the medium.

HhaI sensitive PCR assay

DNA was obtained from a small number of eggs, and embryos by
the guanidine-HCl extraction method (16). A group of 30 eggs
or 30 embryos was incubated in lysis solution (6 M guanidine-
HCl, 140 ml; 7.5 M ammonium acetate, 10 ml; 20% Sarkosyl, 10
ml; 20 mg/ml Protenase K, 2 ml) at 60°C for 3 h. The lysate was
passed through a 26-gauge hypodermic needle 10 times to shear

after addition of 1 ml of ethachinmate (Nippongene) and 1 mg of
pBluescript. The precipitate was collected by centrifugation,
washed with 70% ethanol and dissolved in TE.
DNA was first cleaved at XbaI sites in order to reduce the DNA

size and thus to facilitate the PCR reaction. One half of the
digested DNA was further digested with HhaI and the other half
was used as a non-digested control. To monitor completion of
digestion, one tenth of the sample was electrophoresed in a 5%
polyacrylamide gel. Polymerase chain reaction (PCR) was
performed by using HhaI-digested and non-digested samples.
Sequence of the primers used were 5'-CGTAGTTAC-
CCGGTTATCCA-3' and 5'-CCCCTTACTTTCCACAAG-
AG-3'. The amplified DNA was detected by Southern
hybridization.

Semiquantitaive RT-PCR assay

Semiquantitative RT-PCR assay was based on the method
described by Latham et al. (17). 20 mg of Escherichia coli tRNA
as carrier and 0.25 pg of rabbit globin mRNA as internal control
for RNA recovery and efficiency of the RT-PCR reaction was
added to the 20 embryo, which were then lysed in 100 ml of
guanidine isothiocyanate (GTC) solution [4 M GTC, 25 mM
sodium citrate (pH 7), 0.5% sarcosyl, 0.1 M P-mercaptoethanol].
Sodium acetate [10 ml of 0.2 M (pH 4)] was added, and the
sample was extracted with 100 ml of unbuffered phenol and 25
ml of chloroform: isoamylalcohol (49:1). The resulting aqueous
phase was collected, and the RNA was precipitated by the
addition of 240 ml of ethanol. The precipitate was dissolved in
water and treated withRQ1 DNase in the presence ofRNasin. The
RNA was extracted with phenol and ethanol-precipitated.
Reverse transcription was conducted on 8 embryos equivalents.

The reaction was carried out in 50mM Tris-HCl (pH 8.3), 75 mM
KCl, 3 mM MgCl2, 0.5 M dNTP, 10 mM dithiothreitol, 0.037
mg/ml pd(N)6 and 400 U of SuperScript II (Gibco-BRL) at 42°C
for 1 h. In case of negative control, reaction was carried out
without SuperScript II. The samples were then boiled for 5 min
and placed on ice.
PCR was conducted on 4 embryo equivalents. The sequence of

primers used for U2afl-rsl were 5'-AGTACATAGGC-
CTGCCCATG-3' and 5'-AGATAACCACGGATACCTGG-3',
and for a-globin were 5'-GCAGCCACGGTGGCGAGTAT-3'
and 5'-GTGGGACAGGAGCTTGAAAT-3'. For each set of
primers, semilog plots of the amount of radiolabeled amplicon
product as function of cycle number was used to determine the
range of cycle number over which amplicon production was
linear on such plots (data not shown). The number of cycles was
40 and 30 for U2afl-rsl and a-globin, respectively. The
amplified DNA was detected by Southern hybridization.

RESULTS

Genomic structure of U2afl-rsl gene

Only a 8.3 kb fragment was detected in a XbaI digest of mouse
genomic DNA by Southern analysis using a mouse cDNA probe
(data not shown, 9). A mouse genomic library was then
constructed from the XbaI digested genomic DNA fragment
around 8.3 kb, and screened with the same cDNA probe yielding
three putative genomic U2afl-rsl clones. Three clones showed
the same profile with restriction enzyme digestion. Therefore, we
subcloned one of these clones, named XbS- IS, into pBluescript.the DNA to a minimal length. DNA was precipitated with ethanol
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Figure 1. Nucleotide sequences of the region around the initiation site of the
mouse genomic U2afl-rsl gene. Transcription initiation site identified by 5'
RACE is boxed. The putative TATA box is underlined.

The sequence around the mRNA coding region was determined
by the primer walking method employing the Taq dideoxy-
terminator kit (ABI) (Fig. 1, DDBJ accession number D26474).
The transcription initiation site was determined by 5' RACE. For
construction of 1st strand cDNA, an anti-sense primer derived
from residues 26-45 of 2916-bp cDNA was used for reverse
transcription of brain polyA+ RNA. Amplification was per-
formed with the anti-sense primer derived from residues 7-26 of
2916-bp cDNA and linker primer. The amplified fragment was
cloned into the EcoRV site of pBluescript and 6 independent
clones were sequenced. All clones started at the location 906th
from the beginning of the genomic sequence (Fig. 1). An
TATA-like sequence (TAAAGAC) was located 33 bp upstream
of the starting site. Comparison of the genomic sequence with
cDNA sequence revealed that the U2afl-rsl is an intronless gene
with an unusually long 5' non-coding sequence (1168 bp).
To identify CpG island in this sequence, we plotted Obs/Exp

CpG and %(G+C) using a 100-bp window moving along the
sequence at 1 bp intervals (Fig. 2) There is a big CpG island
spanning from upstream of the transcription initiation site to
upstream of the translation initiation site. The NotI site, which
was previously shown to be methylated in a parental-specific
manner, was included in this region.

Harrplot analysis (data not shown) revealed a highly repeated
region spanning from upstream of the transcription initiation site
to upstream of the translation initiation site. The unit of this
repeated sequence is the FoK I family, which is one of those
possessing a variable number of tandem repeats (VNTR).

Identification of the promoter region

Before examining the differential methylation and expression of
this gene, the promoter activity was measured by using the CAT
construct carrying the upstream region. pDra-Cp-CAT plasmid
was transfected into mouse L cell. High activity was observed as
shown in Figure 3, suggesting that plasmid is sufficient for basal
expression.

Parental specific methylation in promoter region

To study whether the upstream region of transcription initiation
site is methylated in a parental specific manner, we first searched
for a polymorphic restriction enzyme site in this region by
Southern blot. A BanI site located 164 bp upstream of the
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Figure 2. Analysis of the distribution of CpG dinucleotides in mouse
U2afl-rsl gene. The (G+C) percentage (dotted line) and the observed/
expected CpG ratio (smooth curve) for 1st to 3691th of the nucleotide of
U2afl-rsl gene is plotted using a program 'CpG Bio' (9). These values
are calculated for each sequence, using a 100-bp window moving along
the sequence at I bp intervals. The regions with a (G+C) percentage
above 50 and a observed/expected CpG ratio greater than 0.6 are
indicated as bold bars. A CpG island is indicated as a dotted bar. H 1, H2,
H3, H4 and H5 represent HhaI sites at residues 850, 904, 950, 988 and
1088.
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Figure 3. Promoter activity of the upstream region. From 346 bp upstream to
51 bp downstream of transcription site was fused to CAT gene. This region
contains three HhaI sites (H 1, H2, H3). The CAT activities expressed in L cells
were normalized with an amount of protein. CAT activities are presented
relative to that from RSVCAT in L cells.

transcription initiation site was found to exist in C57BL/1O, but
not to exist in Mus musculus molossinus (M.m.molossinus).
Therefore, we were able to detect a 361-bp fragment in C57BL/O0
and a 547-bp fragment in M.m.molossinus when genomic DNA
was digested with BanI, SspI and Bgll (Fig. 4). When digestion
was performed with HhaI in addition to BanI, SspI and Bgll, we
found 547-bp M.m.molossinus specific fragment in (M.m.mo-
lossinus x C57BL/1O)Fj and 361-bp C57BL/1O specific fragment
in (C57BL/1O x M.m.molossinus)Fj. This indicates methylation
ofthe HhaI sites (H I to H5, H I and H2 are in the upstream region)
was exclusively on the maternal allele, which is consistent with
a functional role for DNA methylation, the repressed allele being
methylated.

Analysis of methylation in gamete

Having shown that the upstream region of U2afl-rsl is differen-
tially methylated, we then set about to determine whether this
pattern is established in gamete or not. If modification of this
locus serves as an imprinting signal for identifying the parental
alleles, these sites should be unmethylated in the sperm while
methylated in the oocyte. In order to test this hypothesis, we first
analyzed sperm by methylation-sensitive Southern blot using the
same probe used for detection of parental specific methylation in
the promoter region. We found that the upstream region is almost
unmethylated in sperm (Fig. 5A). DNA from mature oocytes was
assayed for methylation-sensitive PCR analysis. In contrast to our
expectations, we could not amplify the upstream region from the
HhaI-digested DNA (Fig. SB). Thus, the differential methylation
pattern found in somatic cells cannot be derived directly from the
pre-fertilization parental gametes and must therefore be estab-
lished at some stage during post-fertilization embryonic develop-
ment.

Analysis of expression in pre-implantation embryo

By using semiquantitative RT-PCR assay (17) we determine
whether U2afl-rsl is expressed in pre-implantation. U2afl-rsl
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Figure 4. Analysis of DNA methylation of U2afl-rsl gene. (A) Map of
upstream and 5' region of U2afl-rsl gene. A BanI site (742) is present in
C57BL/6 but not in Mus musculus molossinus (M.m.m.). SspI, BglI represents
those sites present in 556 and 103. H 1, H2, H3, H4 and H5 represent HhaI sites
at residues 850, 904, 950, 988 and 1088. Hl and H2 are in the upstream region.
The black box represents the mRNA coding region. (B) Methylation-sensitive
Southern blot. C57BL/lO(B), M.m.molossinus (M), (M.m.molossinus x

C57BUJlO)FI (MBFl) and (C57BL/lO x M.m.molossinus)FI(BMFl). DNA
from whole body ofnewborn mice was digested with SspI, BanI, Bgll and HhaI
(+HhaI) or SspI, BanI and BglI(-HhaI). The probe is the 547 bp SspI-BglI
fragment. 361-bp band is the methylated C57BULI0 fragment and 547-bp band
is the methylated Mus musculus molossinus fragment.

RNA was not detected at the one-cell stage, but started to express
at the two-cell stage when transcription initiates (18, Fig. 6A). We
can distinguish the maternal and paternal allele in the embryos by
cleaving the RT-PCR product with a polymorphic enzyme
because embryos are Fl of C57BL/6 female and PWK male
(BPF1). U2afl-rsl was expressed from the paternal allele and not
from the maternal allele (Fig. 6B). We expected that methylation
in the upstream region begins at this stage. However, we could not
amplify the upstream region from the HhaI-digested two-cell (1.5
d.p.c.) DNA (Fig. 6C). Thus, methylation in the upstream region
seems not necessary for repression of the maternal allele in the
two-cell embryo. We detected the parental specific methylation
in the upstream region at 12.5 d.p.c. (Fig. 6D). Therefore,
methylation is established between 1.5 d.p.c. and 12.5 d.p.c.
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Figure 5. Analysis of methylation in gametes. (A) Methylation sensitive
Southern blot. DNA from C57BL/6 sperm was digested with SspI, Bgll and
HhaI; (+), or SspI, BglI; (-). The probe is the same one used in Figure 4. 574-bp
band is the completely methylated fragment which contains H1-H5 and 294-bp
band is the unmethylated fragment. Refer to Figure 4A. (B) Methylation-sensi-
tive PCR analysis of the upstream region in oocytes. HhaI sites (H1-H4) were
located between the two PCR primer. PCR was performed either with DNA
digested with XbaI and HhaI (+) or XbaI (-).
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DISCUSSION

Analysis of genomic structure revealed that U2afl-rsl is an

intronless gene with an unusually long 5' untranslated sequence
(from 906 to 2073, Fig. 1). The CpG island of U2afl-rsl gene
consists of 5' untranslated region and a part of the upstream
region. The region of the CpG island corresponds to the highly
repeated region revealed by Harrplot analysis. The unit of this
repeated sequence is FokI family, which is one of those
possessing a variable number of tandem repeats (VNTR).
B. Neumann and D. P. Barlow reported that imprinted genes and
transgenes like the IgJ2, the Xist and the TG.A transgene contain
iterated repeats and have a high GC density (18). Therefore, it is
intriguing to think that the CpG island of U2afl-rsl which
consists of iterated repeats, may be involved in some part of the
imprinting mechanism.

In order to understand the relationship between parental
imprinting and DNA methylation, we have evaluated the
methylation in the upstream region of U2afl-rsl gene (Fig. 4).
The upstream region of this gene is differentially methylated in
an allele-specific manner in the newborn mouse. However, this
modification pattern is not directly inherited from the gametes,
but is rather added to the DNA at some stage between 1.5 d.p.c.
and 12.5 d.p.c. Figs 5, 6). A similar result is observed in the Igf2r
region 1 which overlaps the gene promoter, and which is
allelically methylated in adult tissues like U2afl-rsl (8,20).
We expected that U2afl-rsl gene would express in the early

embryonic stages because this gene is a housekeeping gene,
expressing in every tissue (9). This gene is actually expressed in
the two-cell stage when transcription initiates (Fig. 6). This
expression is from the paternal allele. This is different from Igf2r
and IgJ2. which express biallelically in preimplantation embryos
(17). The component required for inactivating the imprinted
allele of U2afl-rsl seems to be present at the two-cell stage.
Demethylation of the upstream region at the two-cell stage
indicates methylation is not essential for inactivation of the
maternal allele of the U2afl-rsl gene at this stage. The
methylation in upstream regions seems not to inactivate the

Figure 6. Analysis of expression and methylation in the embryo.
(A) Expression of U2afl-rsl in one-cell and two-cell embryos. Embryos from
one-cell (0.5 d.p.c.) and two-cell (1.5 d.p.c.) stages were used for RT-PCR and
followed by Southern blot as shown in Materials and Methods. Reverse
transcription was performed either with using Superscriptfl (+) or without using
one (-). (B) Allelic analysis of U2afl-rsl RNA in one-cell and two-cell
embryos. Amplified DNA from two-cell embryos were digested with MspI.
187-bp band can been seen from PWK RNA and 170-bp band can been seen

from C57BL/6 RNA. (C) Methylation sensitive PCR analysis of the upstream
region in two-cell embryos. HhaI sites (HI-H4) were located between the two
PCR primer. PCR was performed with DNA being digested either with XbaI
and HhaI (+) orXbal (-). (D) Methylation sensitive Southern blot of 12.5-d.p.c.
(C57BUJ6 x PWK)Fl embryo. C57BL/6, PWK adult liver DNA and (C57BL/6
x PWK)F1 12.5-d.p.c. embryo (12.5 d.p.c.) DNA was digested with SspI, BanI,
BglI and Hhal The probe is the one used in Figure 4. 361-bp band is the
methylated C57BU6 fragment and 547-bp band is the methylated PWK
fragment.

expression directly, but rather stabilizes the inactivation because
inactivation precedes the methylation.
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