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ABSTRACT
We cloned a new imprinted gene by searching for
parental-origin-specific CpG methylations using
methylation-sensitive two-dimensional genome
scanning method. This gene encodes a putative 51 kDa
protein with significant similarity to U2 small nuclear
ribonucleoprotein auxiliary factor small subunits, an
essential mammalian splicing factor, and is located on
mouse chromosome 11, of which maternal duplication/
paternal deficiency results in a small body.

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
effects of particular chromosomal regions on embryo survival
and gross phenotypic abnormalities were unequivocally
documented by producing paternal or maternal disomies by means
of Robertsonian and reciprocal translocations in the mouse (2,3).
Such studies have established the fact that several autosomal
chromosomes are concerned in imprinting.
So far, only few known murine genes have been found to be

imprinted, such as Insulin-like growth factor II, Insulin-like
growthfactor II receptor, H19, small nuclear ribonucleoprotein
polypeptide N (4-8). It is evident there still exist numbers of
other imprinted genes. To totally understand the biological
significance of genomic imprinting, further effort is required to
isolate new imprinted genes. However, there has been no effective
method for isolating unknown imprinted genes.
We have recently developed a new genome scanning method,

restriction landmark genome scanning (RLGS) (9). In this study,
using this method, we searched for parental-origin-specific CpG
methylations which may be involved in regulation of genomic
imprinting (10,11) and isolated a new imprinted gene.

METHODS
Restriction landmark genomic scanning
Ten micrograms of genomic DNA was allowed to react for 30
min at 37°C with 10 units of DNA polymerase I in 50 Al of 50

DDBJ accession no. D17407

mM Tris-HCI (pH 7.5), 100 mM NaCl, 10 mM MgCl2, 10
mM dithiothreitol, 0.33 ytM dGTPciS, 0.33 IuM dCTPaS, 33 ,uM
ddATP and 33 ItM ddTTP. Incorporation of these nucleotide
analogues to non-specific cleaved ends protects non-specific
incorporation of radioisotope resulting in high background.
Thereafter, the enzyme was inactivated at 65°C for 30 min. The
treated DNA was then digested with 100 units of NotI (restriction
enzyme A) for 1 hr in 85 ml of 50 mM Tris-HCl(pH7.5), 100
mM NaCl, 10 mM MgCl2, 10 mM dithiothreitol, 0.01% Triton
X-100 and 0.01 % BSA. The cleavage ends were filled in with
20 units of Sequenase Ver.2.00 (USB & Co. Ltd.) in the
presence of 0.33 itM [CY-32p] dGTP (3000 Ci/mM) and 0.33 ,uM
[(X-32P] dCTP (6000 Ci/mM) for 30 min at 37°C in 100 ml of
50 mM Tris-HCl (pH7.5), 100 mM NaCl, 10 mM MgCl2, 10
mM dithiothreitol, 0.16 uM dGTPoaS, 0.16 zM dCTPaS, 33 ,gM
ddATPaS and 33 ,uM ddTTPaS. To stop the reaction, excessive
ddGTP and ddCTP (33 yM ) were added. The labeled DNA was
digested with Eco RV (restriction enzyme B), phenol-extracted
and ethanol-precipitated. One microgram of the DNA was
fractionated on a 50 x20 x0. 1cm agarose gel (0.8% Seakem GTG
agarose, FMC), then electrophoresed in 1 xTAM buffer (50mM
Tris-acetate, pH 7.5/0.7 mM Mg acetate) at 4.5 V/cm for 12
hr. The DNA-containing portion of the gel was excised as a strip,
and soaked for 30 min in the MboI digestion buffer (10 mM
Tris-HCl, pH7.5), 100 mM NaCl, 10 mM MgCl2, 1 mM
dithiothreitol ). Thereafter, DNA was digested in the gel with
1500 units of Mbo I (restriction enzyme C) at 37°C for 2 hr.
The gel was fused to a 50 x50 x0. 1 cm polyacrylamide gel
(5-6% polyacrylamide, acrylamide/bisacrylamide, 29:1) by
adding melted agarose to fill up the gap. Second-dimensional
electrophoresis was carried out in 1 xTBE buffer at 8 V/cm for
6 hr. The gel was dried up. An area 35 x43 cm of the appropriate
region from the original gel was then excised and
autoradiographed for 3-10 days on a film (XAR-5, Kodak) at
-70°C using an intensifying screen (Quanta IIIh, Dupont).

Cloning of spot2
Genomic DNA was digested with NotI and EcoRV followed by
size separation by agarose gel. The spot2-containing region
(1.8-2.4 kb of the lane) was cut out from the gel and DNA was
electro-eluted and cloned into the NotI and EcoRV sites of
pBluescript. Five micrograms of this boundary library DNA was
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digested with NotI plus EcoRV and was applied to two-
dimensional electrophoresis of RLGS (restriction enzyme A,
NotI; restriction enzyme B, EcoRV; restriction enzyme C, MboI)
along with NotI labeled genomic DNA. Spot2 was cut out from
the gel and No I-MboI DNA fragment (0.7 kb) was electro-
eluted for cloning into NotI and BamHI sites of pKF3 (12,13;
designated as pSP2NM). For cloning the NotI-EcoRV fragment
(2.1 kb) of spot2, we screened boundary library using the insert
ofpSP2NM as a probe and obtained pSP2. E. coli TH2 was used
as host cell for pKF3.

Southern and Northern analysis
Hybridization of Southern and Northern analysis was performed
for 20 hr at 65°C in a solution of6xSSC (0.9 M NaCl and 0.09
M sodium citrate), 0.5% (w/v) of SDS, 5 x Denhardt's solution
(1% each of BSA, Ficoll and polyvinylpyrrolidone), 100 yg/ml
of heat-denatured herring-sperm DNA and heat-denatured probes
(1 x 106 cpm/ml). Membranes were washed for 20 min at 65°C
in 0.2xSSC, 0.1% SDS.

cDNA cloiing
SP2 cDNA was isolated from mouse brain XgtlO library by
hybridizaion with the insert of pSP2 and sequenced (2916
nucleotides; DDBJ, Genbank and EMBO accession no. D17407).

RT-PCR
Total RNA, prepared using the acid-phenol method (14) was
applied to RT-PCR as described (15).

Mapping of SP2
The RsaI digested DNA ofBXD inbred strains was run in a long
agarose gel (50 cm) to detect polymorphism between C57BL/6
and DBA2. Southern hybridization was performed using
Hindll-EcoRI fragment of cDNA (corresponding to nucleotides
974-1409 ofcDNA) as a probe. Using RsaI polymorphism, we
determined SDPs of BXD inbred strains.

RESULTS
Searching for parental-origin-specific CpG methylation by
genome scanning
RLGS is a genome scanning method based on end-labeling of
genomic DNA at rare restriction sites and its separation by two-
dimensional gel electrophoresis (Fig. lA and ref. 9). Genomic
DNA is cleaved and radioactively labeled at rare restriction sites
(restriction enzyme A, e.g., Nod). The labeled DNA is then
cleaved with restriction enzyme B (e.g., EcoRV) to reduce
average molecular weight to several kdlobase and size-fractionated

in one dimension on agarose gel. The fractionated DNA is firther
digested with restriction enzyme C (e.g., MboM) and separated
in the second dimension on acrylamide gel. This procedure gives
a two-dimensional profile with thousands of scattered spots
corresponding to sites for restriction enzyme A (Fig. 1C).

This method was used for searching for parental-origin-specific
CpG methylation which may be involved in regulation of genomic
imprinting (10,11), by using methylation-sensitive restriction
endonucleases, such as NotI, that have CpG sites in their
recognition sequences and that are not cleaved when 5 cytosine
is methylated. It is expected that the intensity of any spot varies
in proportion to the population of methylated DNA molecules
(Fig. iB). Demethylation of both alleles (left), methylation of
one allele (middle) and methylation of both alleles (right) will
give a full intensity (left), half-intensity (middle) and no spot
(right), respectively. To identify parental-origin-specific
methylation, we compared the spot profiles of F1 progeny of
reciprocal crosses between two inbred strains. If there is no
parental-origin-specific methylation, the RLGS profiles of F1
progeny should be completely identical, irrespective of one
parental strain being male or female. However, we found 4 spots
appeared in one cross while not appearing in another. These 4
spots are polymorphic between C57BL/6 and DBA2. One of these
spots, spot2 (specific to DBA2), appeared in one cross
(C57BL/6 xDBA2)FI, while not appearing in the opposite cross
(DBA2 x C57BL/ 6)F1 (Fig. ID). This suggests the DBA2 allele
of spot2 is demethylated in (C57BL/6 x DBA2)F1, while
methylated in (DBA2XC57BL/ 6)F1.

It is generally expected that we can find other parental-origin-
specific methylation by using other restriction enzyme A, B or
C because we only searched here the methylation of NotI sites
in combination with EcoRV and MboI as restriction enzyme B
and C.

Cloning of a parental-origin-specific methylated spot
The NotI boundary library was constructed and applied to RLGS
(restriction enzyme A, NotI; restriction enzyme B, EcoRV;
restriction enzyme C, MboI) to clone spot2. Two-dimensional
gel electrophoresis of this library was performed together with
NotI labeled genomic DNA. Spot 2 was cut out from the gel and
NotI-MboI DNA fragment (0.7 kb) of this spot was electro-
eluted for cloning into pKF3 (12,13; designated as pSP2NM).
To further clone the longer NotI-EcoRV fragment (2.1 kb) of
spot2, we screened the boundary library, using the insert of
pSP2NM as a probe. As a result, we isolated the pSP2 clone.
We then used it as a probe to examine the methylation status

at the NotI site between two reciprocal crosses [(DBA2 x
C57BL/6)Fl and (C57BL/6xDBA2)Fj] by Southern

Figure 1. (A) Procedure for genome scanning by two-dimensional gel electrophoresis (RLGS). A, B and C represent sites for restriction enzyme A, B and C, respectively.
(xl or x2 ) and (y, or Y2 ) represent the distance from a site for restriction enzyme A to the neighboring site for restriction site B and C, respectively. See reference
9 for strategy and detailed description of RLGS. (B) Detection of difference of methylation in genomes by RLGS. Maps show DNA-methylation state at the NotI
site which is used as restriction enzyme A. Three types of methylated state are expected depending on which allele is methylated. No allele is methylated Oeft),
one allele is methylated (middle) and both alleles are methylated (right). Me( NotI) represents the methylated site of this enzyme. As the CpG methylation of Nod
site affects the cleavage of this site, RLGS profile would result in the change in the spot intensity. Each sample would give a full intensity spot (left), half-intensity
spot (middle) or no spot (right). (C) The RLGS profile of C57BL/6. NotI, EcoRV and MboI were used as restriction enzyme A, B and C, respectively. Size markers
are shown in kbp (kilobasepairs) or bp (basepairs). (D) Detection of the difference of spot intensity in FI progeny of reciprocal crosses. (DBA2xC57BL/6)FI (DBF1)
and (C57BL/6XDBA2)Fl (BDF1) DNA from 14.5 day P.C. embryos were applied to RLGS and boxed area in (C) is shown. Arrows indicate spot 2. Spot 2 did
not appear in DBF1, but appeared in BDFI.
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hybridization (Fig.2). A double digest M
revealed a 2.09 kb band (correspondi
fragment) in DBA2, which is absent in C5
is due to DNA polymorphism between
(DBA2 xC57BL/6)Fj, the 2.09 kb ba
undetectable, whereas in (C57BL/6 xDB

N

N t

f'+ru['
I ethll ,t

vith Notl and EcoRV
ing to demethylated
7BL/6 (Fig. 2b). This

detectable, indicating that the NotI site is completely methylated
on the maternal allele and demethylated on the paternal allele.

the two s Parental imprinting of SP2
and was completely SP2 DNA encodes 3.1 kb mRNA as shown by Northern blotting.
IA2)Fl this band was It was expressed ubiquitously but was most abundant in the brain

(Fig. 3A). We cloned cDNA from the mouse brain library and
determined its entire sequence (2916 nucleotides; DDBJ,
Genbank and EMBO accession number D17407). To clarify
whether this gene is expressed only from one allele or from both,
we performed RT-PCR followed by digestion with a restriction
enzyme which could distinguish the SP2 alleles of each parental

q.3 . ,;Jizg, strain in F1 progeny of reciprocal cross between C57BL/10 and
Mus musculus molossinus (M.m.molossinus; Fig. 3B). SP2 was
expressed exclusively from the paternal allele which was
demethylated at NotI site, but not from the maternal allele which
was methylated.

There is a NotI site in cDNA (located at 399 from the beginning
of the cDNA sequence). To clarify whether this NotI site being
derived from the parentally-origin-specific-methylated NotI site
of SP2 genomic DNA, we performed DNA sequencing around

* _* NotI site of pSP2(data not shown). As a result, the NotI site of
***IL SP2 was found to be transcribed. This NotI site is located in a

CpG island (Fig.4).

Flgure 2. Differential methylation of SP2 in F1 progeny of reciprocal crosses

analyzed by Southern blot. C57BL/6 (B), DBA2 (D), (DBA2xC57BL/6)Fl
(DBF1), and (C57BL/6xDBA2)Fl (BDF1) DNA from 14.5 day P.C. embryos
were digested with NotI plus EcoRV and hybridized with pSP2. Maps show
EcoRV site neighboring to the NotI site in C57BL/6 and DBA2. An EcoRV site
is located 2.12 kb downstream from NotI site in C57BL/6 and 2.09'kb in DBA2.
Therefore, we can theoretically distinguish the demethylated alleles of these two
mice. Lines represent the length of the DNA fragments detected by the probe.
Restriction sites shown are: Ev, EcoRV; N, Nod. (A) Southern blot profile of
ordinary-sized gel. It is difficult to distinguish slight mobility difference of
demethylated C57BL/6 (2.12 kb) and DBA2 (2.09 kb) fragments by ordinay-
sized gel. The pSP2 DNA digested with Nod plus EcoRV is in the right end
lane. (B) Southern blot profile of 50 cm gel. Digested DNA was size-fractionated
on 50 cm agarose gel. The portion of the gel which contains DNA sized around
2 kb was cut out and transferred to nylon membrane to be hybridized by the
probe. The allele fiom DBA2 is completely methylated at NotI site in DBF1 while
the allele from C57BL/6 is completely methylated in BDF1. Same results were
obtained by using whole bodies of new born mice (data not shown).

cDNA sequencing and mapping study reveals SP2 encodes
a new protein located on chromosome 11
SP2 cDNA sequence revealed a 720 nucleotide open reading
frame corresponding to an encoded protein of 240 amino acids
and a predicted Mr = 51,364 (Fig. 5). Homology search
revealed this protein has significant similarity (31 %) to U2 small

nuclear ribonucleoprotein auxiliary factor small subunits (Fig.
5), an essential mammalian splicing factor.
To determine the map position of SP2, we carried out a

recombinant inbred (RI) strain analysis using a set of 26 RI strains
derived from C57BL/6 and DBA2 mice (BXD strains). The strain
distribution pattern (SDP) of the SP2 alleles was determined by
Southern blot using the HindllI-EcoRI fragment probe which
detects RsaI polymorphism. A 0.97 kb fragment was present in
DNA from C57BL/6 and a 0.95 kb fragment in DNA from
DBA2. Among BXD SDPs data (16), the most similar ones
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Figure 3. (A) Expression of SP2 in mouse tissues. A northem blot of RNA from mouse brain, liver, heart, skeletal muscle, kidney, lung, testis, ovary and thymus

was probed with pSP2. (B) Differential expression of SP2 in F1 progeny of reciprocal crosses. Poly(A)+ RNA from whole bodies of newborn mice C57BL/10
(B), M.m.molossinus (M, (M.m.molossinusXC57BL/lO)FI (MBF1), (C57BL/lOXM.m.molossinus)F1 (BMF1) was subjected to the RT-PCR followed by cleavage
with RsaI. As one of the RsaI sites in the amplified region is polymorphic between C57BL/10 and M.m.molossinus, we can distinguish C57BL/10 specific fragment
(long line) and M.m.molossinus specific fragment (short line). SP2 is expressed from the allele of C57BL/10 in MBF1 and expressed from the allele of M.m.molossinms
in BMF1. The primers were 5'-TGTGGTACGGCCAGCCTATG-3' and 5'-GATCAGACATACTGCGGATA-3'. R represents site for RsaI.
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occurred for the chromosome 11 markers Glns ( 2 of 26 strains
are recombinants) and Hba (3 of 24 strains are recombinants).
Using the method of Silver (17) for estimating confidence
intervals for linkage estimates based on RI analysis, these results
placed SP2 2.1cM distal to Glns (95% confidence intervals of
0.2-10.1 cM) and 3.85 cM proximal to Hba (95% confidence
intervals of 0.7-15.7 cM).

I I-Vf!P.. 11 I II I II I I I I III Il1 IIRhotl

NotI
- CpG island

DISCUSSION
We cloned a new imprinted gene by searching for parental-allele-
specific methylation by restriction landmark genomic scanning.
This is the only general method for isolating new imprinted genes.
Therefore, it will be of great use for identifying other new
imprinted genes.
The differentially methylated restriction site is located in a CpG

island like other imprinted genes(Fig. 4, refs 10,11). Therefore
it is possible to speculate methylation of CpG island is involved
in the regulation of expression of imprinted genes.
SP2 cDNA encodes a putative 51 kDa protein with significant

similarity (31 %) to U2 small nuclear ribonucleoprotein auxiliary
factor small subunits (Fig. 5), an essential mammalian splicing
factor. Using recombinant inbred strains, this gene was mapped
on the proximal region of chromosome 11 (Table 1), in a region
that is parentally imprinted (2). Mice carrying maternal
duplication/paternal deficiency for proximal chromosome 11 are

SP2 1 MASRQTAIPEKLSRKQYKAAMKKEKRKKRRQKMARLRALEAPPEEDDD)VSANEELAERLL
SP2 61 EIERQRLHEEWLLREEKAQEEFRIKKKKEEAARKQKEEQERQIKAEWEEQQKKQREEEEQ

SP2 121 KLQEKREREEAVQKMLDQAENERIWQNPEPPKDLRLEKYRPSCPFYNKTGACRFGNRCSR
** * ** * **** * ****

UZAF 1 MAEYLASIFGTEKDKVNCSFYFKIGACRHGDRCSR

SP2 181 KHDFPTSSPTLLVKSMFTrFGMEQCRRDDYDSDANLEYSEEETYQQFLDFYHDVLPEF-K
* ** ** * * * * *

U2AF 36 LHNKPTFSQTIALLNIYRN----PQNSSQSADGLRCAVSDVEMQEHYDEFFEEVFTEMEE

SP2 240 NVGKVIQFKVSCNLEPHLRGNVYVQYQSEEECQAALSLFNGRWYAGRQLQCEFCPVTRwK
* * * ** ** ***** ** * * ** * * ***

U2AF 92 KYGEVEEMNVCDNLGDHLVGNVYKFRREEDAEKAVIDLNNRWFNGQPIHAELSPVTDFR

SP2 300 VAICGLFEMQKCPKGKHCNFLHVFRNPNNEFREANRDIYMSPPAWTGSSGKNSDRRER-K
* * ** * * *** **E* * * * ** *

U2AF 152 EACCRQYEMGECTRGGFCNFMH-LKPISRELR---RELYGRRRKKHRSRSRSRERRSRSR

SP2 359

U2AF 208

DHHEEYYSKSRSYHSGSYHSSKRNRESERKSPHRWKKSHKQTTKSHERHSSRRGREEDSS
* **D* **

DRGRGGGGGGGGGGGGRERDRRRSRDRERSGRF
100

SP2 419 PGPQSQSHRT

%GC
50

Figure 5. Comparison of amino acid sequences of putative polypeptide encoded
by SP2 cDNA (SP2) and U2 small nuclear ribonucleoprotein auxiiary factor small
subunits (U2AF) (21). The asterisks indicate conserved amino acids. We observed
a 31% homology between these two polypeptides.

In
3000
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Figure 4. Analysis of the distribution ofCpG dinucleotides in SP2. The (G+C)
percentage (dotted line) and the observed/expected CpG ratio (smooth curve) for
nucleotides 1-2816 ofcDNA is plotted using a program 'CpG Bio' (K. Hidaka,
unpublished). These values are calculated for each sequence, using 100 bp window
moving along the sequence at 1 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 line. Nod site analyzed here is also
indicated in the figure.

Table 1. BXD SDP of SP2 and flanking markers

BHO strain number

12568911111111222222222333
Chr. I1 12345689012345789012

6ins BDBDBDBBOODBOBDBBOB BOODD OD
x x

SP2 BDBOBDBOODOBDODBBDDBODDDDDx x x
Hba BDB DBBBBODDBDDDDB DBBDDDDUU
The letters B and D are used as genetic symbols for alleles inherited
from progenitor strains C57BL/6 and DBA2, respectively. U represents
an unknown allele. X represents a recombination event between flanldng
markers.

1.

ObWEi
CpG
0.6

12

3~~K It',,\X

|a 1 g 1 I>lllal

2001

i

-



5582 Nucleic Acids Research, 1993, Vol. 21, No. 24

smaller than normal mice. Likewise, paternal gene deficiencies
in human chromosome 15q1 1-13 is associated with Prader-Willi
syndrome (PWS) (18,19), whose common clinical features
include short stature (20) in addition to other pleiotrophic features.
In this region, small nuclear ribonucleoprotein polypeptide N,
which is shown to be imprinted in mouse (7,8), is located.
Therefore, it is intriguing to speculate that SP2 may function in
the regulation of body size, perhaps as a trans-acting factor
promoting production of an alternative spliced product which
encodes the active form of some growth promoting gene. It still
remains possible, however, that SP2 may also be involved in
a phenotype, the manifestation of which is difficult to observe
in mouse such as mental disorder as observed in PWS.
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