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ABSTRACT In a systematic screen for maternally ex-
pressed imprinted genes using subtraction hybridization with
androgenetic and normal fertilized mouse embryos, seven
candidate maternally expressed genes (Megs) have been iso-
lated, including the H19 and p57Kip2 genes that are known to
be maternally expressed. Herein, we demonstrate that an
imprinted gene, Meg1, is apparently identical to Grb10
(growth factor receptor-bound protein 10), which is located on
mouse proximal chromosome 11. Grb10 protein was reported
to bind to the insulin receptor andyor the insulin-like growth
factor (IGF) I receptor via its src homology 2 domain and to
inhibit the associated tyrosine kinase activity that is involved
in the growth promoting activities of insulin and IGFs (IGF-I
and -II). Thus, it is probable that Meg1yGrb10 is responsible
for the imprinted effects of prenatal growth retardation or
growth promotion caused by maternal or paternal duplication
of proximal chromosome 11 with reciprocal deficiencies (Mat-
Dp.prox11 or PatDp.prox11), respectively. In the human, it
has been reported that the maternal uniparental disomy 7 is
responsible for the Silver–Russell syndrome (SRS) whose
effects include pre- and postnatal growth retardation and
other dysmorphologies. The human homologue GRB10 on
chromosome 7q11.2–12 is a candidate gene for Silver–Russell
syndrome.

Genomic imprinting results in the preferential expression of
either a paternal or maternal allele of imprinted genes that
affect mammalian development, growth, and behavior (1–3).
Furthermore, uniparental disomy or partial uniparental du-
plication of some chromosomal regions is associated with
several human diseases (4–6), indicating involvement of im-
printed genes in these cases. To elucidate the biological
importance of genomic imprinting and its role in human
diseases, it is important to isolate the remaining imprinted
genes systematically and to establish what kinds of genes are
involved in this phenomenon. In the mouse, more than 10
paternally expressed imprinted genes have been isolated, but
only 4 maternally expressed genes located in two imprinted
chromosomal regions, distal chromosome 7 [H19 (7), Mash2
(8), and p57Kip2 (9)] and proximal chromosome 17 [Igf2r (10)],
have so far been reported. We have described a subtraction-

hybridization method (11, 12) for systematic isolation of pater-
nally expressed genes (Pegs) using parthenogenetic and normal
fertilized embryos. From this screen, we have identified eight Pegs
(Peg1–8) in five different chromosomal imprinted regions, in-
cluding the previously reported imprinted genes Igf2 and Snrpn
(11–16), and then we have applied this method with further
improvements for isolating Megs from normal fertilized and
androgenetic embryos that have only paternal genomes.

In humans, paternal duplication of chromosome 11p15.5
causes Beckwith–Wiedemann syndrome that showed embry-
onal overgrowth and some dysmorphologies (17, 18). At least
two imprinted genes, p57Kip2 (9, 19, 20) and Igf2 (13, 21) that
are located on distal mouse chromosome 7 and share syntenic
homology to human chromosome 11p15.5, are implicated in
Beckwith–Wiedemann syndrome. In another case, paternal
duplication of 15q11–13 results in Angelman syndrome (AS)
with severe mental retardation and seizure. Mutations of
UBE3AyE6-AP (ubiquitin protein ligase 3A) that is located in
the region responsible for this syndrome have been reported in
AS patients (22, 23). Recently, it was demonstrated that
UBE3AyE6-AP is imprinted in a very restricted region of the
brain and it represents the best candidate gene for AS (24–26).

In this study, we report the identification of seven candidate
Megs and demonstrate that an imprinted gene, Meg1, is iden-
tical to Grb10 gene (27) that encodes growth factor receptor-
bound protein 10, a negative regulator in the signal transduc-
tion pathways for insulin andyor insulin-like growth factors
(IGFs). Because it is located on proximal chromosome 11 (27),
it is highly probable that Meg1yGrb10 is responsible for the
imprinting effects of prenatal growth retardation or embryo-
nal growth promotion by MatDp.prox11 or PatDp.prox11,
respectively (3, 28). Moreover, chromosome location of human
GRB10 on chromosome 7p11.2–12 (29) suggests that it is also
a candidate gene for the Silver–Russell syndrome (SRS) that
shows pre- and postnatal growth retardation with some mor-
phological abnormalities (30–32).

MATERIALS AND METHODS

Mice and Embryos. Androgenetic embryos of 129ysv strain
were prepared by pronuclear transplantation exactly as de-
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scribed (33). Androgenones were isolated on day 9.5 of
gestation. Only viable embryos with 6–15 somites were col-
lected; the rest were excluded from the pool used for prepa-
ration of cDNA libraries. All extraembryonic membranes were
also excluded. Further day 9.5 and day 12.5 embryos from
(C57BLy6 3 Mus spretus)F1 and (C57BLy6 3 M. spretus)F1 3
C57BLy6 were produced by in vitro fertilization or obtained
after natural mating.

Subtraction Hybridization Between Embryos from Fertil-
ized and Androgenetic Eggs. Subtraction-hybridization exper-
iments were carried out as described (11, 12) with modifica-
tions. Twenty-two androgenetic embryos (6–15 somite stage)
and 26 stage-matched fertilized embryos of the same 129ysv
genotype (10–15 somite stage) were used to prepare cDNA.
The mRNA was purified via an oligo(dT)-cellulose method
using the Fast Track mRNA isolation kit (Invitrogen). Five
hundred nanograms of each mRNA was converted to first-
strand cDNA according to the instructions provided in the
lZAPII cDNA synthesis kit (Stratagene) except that Super-
script II reverse transcriptase (GIBCOyBRL) and dT13–18

primer (Boehringer Mannheim) were used. After secnd-strand
cDNA synthesis, cDNAs were blunted by treatment with
cloned Pfu DNA polymerase and ligated with specific 20-mer
oligonucleotide linkers on both ends. Two different sets of
linkers (F linker and A linker) were used for the cDNA from
normal and androgenetic embryos, respectively. One-fifteenth of
the cDNAs was amplified by PCR using primers complementary
to the F linker and A linker, respectively. cDNA was added to a
100-ml reaction mixture containing 20 mM TriszHCl (pH 8.2), 10
mM KCl, 6 mM (NH4)2SO4, 3.5 mM MgCl2, 0.1% Triton X-100,
10 mg of BSA, all four dNTPs (each at 120 mM), 80 pmol of each
oligonucleotide primer, and 2.5 units of Pfu DNA polymerase
(Stratagene). Amplification consisted of a total of 30 cycles at
96°C for 5 sec, 65°C for 1 min, and 72°C for 10 min in a
Perkin–Elmer GeneAmp PCR system 9600. For cDNA from
androgenetic embryos, a 59 biotinylated primer was used in all
cycles of PCR. The cDNA from both the fertilized and andro-
genetic embryos were amplified for the same number of PCR
cycles prior to subtraction hybridization. A linker primers were
59-GATTACTCGAGACTAATATC-39 and 59-pGATATTAG-
TCTCGAGTA-39; F linker primers were 59-TCGACTCGAGT-
ATAGTTACA-39 and 59-pTGTAACTATACTCGAGT-39.

After amplification, subtraction was carried out as described
(11). Subtracted cDNA obtained after three subtractions and
PCR amplifications was used as a probe for screening.

DNA Sequencing. Sequences were determined by the
dideoxynucleotide method using the Thermo Sequenase flu-
orescent labeled cycle sequence kit (Amersham) for the Shi-
madzu automatic Sequencer DSQ-1000L.

Genomic PCR and Reverse Transcription-Coupled PCR by
the Sequence-Specific Quantitative Amplification (SSQA)
Method. DNA fragments 352 bp long from the two strains
containing the polymorphic site were amplified first with a
common primer set: 96°C for 15 sec, 65°C for 30 sec, and 72°C
for 1 min for 30 cycles. Each PCR product (5 ng, about 10%)
was then reamplified with strain-specific forward primers. The
same reverse primer was used in both amplifications. Ampli-
fication consisted of 10 cycles at 96°C for 15 sec, 52°C for 30
sec, and 72°C for 1 min in a Perkin–Elmer GeneAmp PCR
system 9600.

First primer sets were as follows: forward primer, 59-
AAATGACGACTCCGTGTAACC-39; reverse primer, 59-
TTAACACCCTCTGCATTCCC-39. Second strain-specific
primers were as follows: B6-specific forward primer, 59-
TTTTAATAGGTAGACTCTGTTC-39; spretus-specific for-
ward primer, 59-TTTTAATAGGTAGACTCTGTTA-39.
Only exo2 Pfu DNA polymerase (Stratagene; used in this
study) and delta Tth DNA polymerase (TOYOBO, Osaka)
that lack 393 59 exonuclease activity gave satisfactory results
with regard to specificity and quantitativeness. Recombinant

Taq DNA polymerase and native Pfu DNA polymerase gave
false bands derived from mismatched extension (data not
shown) in both reciprocal reactions.

Genomic PCR and reverse transcription-coupled PCR were
performed with Takara Ex Taq (Takara Shuzo, Kyoto). Fifty
nanograms of genomic DNA was used for the genomic PCR.
One microgram of total RNA was used to synthesize cDNA
with the Superscript preamplification system (GIBCOyBRL)
and 1% (day 9.5 embryos) or 10% (adult mouse samples) of the
resulting material was used for reverse transcription-coupled
PCR.

In Situ Hybridization. RNA probes were generated by using
the DIG RNA labeling kit (Boehringer Mannheim). Embryos
and placental tissues were dissected at day 13, embedded in
OCT compound, and frozen. In situ hybridization was carried
out as described (11, 14) with some modifications. In brief,
sections were fixed in 4% paraformaldehyde, acetylated with
acetic anhydrideytriethanolamine, and then dehydrated in
ethanol. Digoxigenin-labeled RNA probes were hybridized to
the sections at 65°C overnight in 50% formamidey53 SSCy13
Denhardt’s solutiony300 mg of tRNAy1 mM EDTAy10 mM
DTT. Sections were washed with 50% formamidey23 SSC at
65°C and then incubated with RNase A at 37°C, followed by
subsequent washes with 50% formamide in 23 SSC (twice)
and in 0.13 SSC at 65°C. Next, anti-digoxigenin antibody
conjugated to alkaline phosphatase (Boehringer Mannheim)
was added and expression was detected by using the nitroblue
tetrazoliumy5-bromo-4-chloro-3-indolyl phosphate (Boeh-
ringer Mannheim) color reaction. Finally, sections were coun-
terstained with methyl green.

RESULTS

Systematic Screening of Megs. Twenty-two androgenetic
embryos (6–15 somite stage) (1, 33) and 26 stage-matched
fertilized embryos (10–15 somite stage) were used to isolate
mRNA (1.6 mg and 2.4 mg, respectively). Five hundred nano-
grams of each mRNA was converted to cDNA and ligated with
specific linker as described (11, 12). Aliquots of the cDNA,
representing only one-fifteenth of both cDNA pools, were used
for the subtraction procedure. After amplification by PCR with
primers that were complementary to their linkers, three cycles
of subtractions were carried out and the resulting cDNA was

FIG. 1. Differential hybridization of candidate maternally ex-
pressed genes. The control b-actin gene that is biallelically expressed
and the Peg1yMest gene that is paternally expressed were removed
after three cycles of subtraction. The positive control, H19, which is
expressed maternally is shown as Meg2 (H19). Thirty nanograms of
each DNA from clones representing Meg1 and Meg3–7 were spotted
onto filter membranes and hybridized with F, A, and S probes,
respectively. Because of the very high level of expression of the Meg2
(H19) gene, only 1.5 ng of DNA was spotted.
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used as a subtracted probe to screen for Megs. Fifty thousand
plaques of a cDNA library made from day 8 embryos were
screened. Positive plaques were purified and isolated cDNAs
were dotted onto three membrane filters and hybridized with
three probes from normal fertilized (F probe), androgenetic
(A probe), and subtracted cDNA (S probe), respectively. From
this analysis, we finally selected seven candidate clones for
Megs. As seen in Fig. 1, Meg1, 3, 4, and 6 were clearly detected
by the F probe but not by the A probe. They were also highly
concentrated in the subtracted cDNA. Clones representing
Meg2, 5, and 7 were selected despite the fact that they were
detected by the A probe, because their expression in the
fertilized embryos seemed severalfold higher than in the
androgenetic embryos. As a control, we used the b-actin and
Peg1yMest genes, and both of these were excluded as expected
after three cycles of subtractions. However, the previously
identified imprinted gene H19 (identical to Meg2; see below)
did not show efficient enrichment in the subtracted probe. This
may be because a slight expression of H19 (about 1% of the
amount in the fertilized embryos) observed in the androge-
netic embryos after PCR amplification (data not shown). This
may explain the reduced enrichment of H19 in the subtracted
probe because a 100-fold excess of androgenetic cDNA was
used in each subtraction step.

After DNA sequencing, Meg2 and Meg5 were found to be
identical to H19 (7) and p57Kip2 (9), respectively; these genes
were previously shown to be imprinted and maternally ex-
pressed. Leaky expression from the paternal allele of p57Kip2

was reported previously, which is also consistent with the
less-efficient enrichment of this clone, similar to the observa-
tions described above for H19. On the basis of the available
evidence, it is probable that like Meg1 (see below), the
remaining candidates are likely to represent additional candi-
date imprinted genes. These results suggest that there are
comparable numbers of Megs and Pegs in the mouse genome
because we have isolated about seven Megs and a similar
number of Pegs after screening only fifty thousand clones.

Identification of Meg1 and Verification of its Imprinting.
We isolated several Meg1 cDNA clones, the longest of which
was 5.4 kb. The homology search using this cDNA sequence
showed that it was identical to Grb10 but with a 75-bp deletion
compared with the reported sequence (Fig. 2a). Ooi et al. (27)
initially reported a 2.4-kb DNA sequence of Grb10 that
contained the entire coding region of Grb10 protein (Fig. 2a).
Their Northern blot hybridization of Grb10 suggested that the
full-length cDNA was 5.5 kb. A splicing variant that has a 75-bp
deletion (25-aa deletion) in the coding frame of the Grb10
protein was also recently reported and shown to be the major
form of the Grb10 transcript (34). The longest Meg1yGrb10
cDNA in this study is 5.4 kb long and has the 75-bp deletion,
indicating that this is probably almost the full-length clone of
the major transcript (Fig. 2a). To verify maternal expression of
Meg1yGrb10, we identified a point mutation polymorphism
between C57BLy6 (B6) and M. spretus mice. However, this
DNA polymorphism was not located in any known restriction
enzyme recognition sites. Furthermore, single-strand confor-
mational polymorphism analysis of fragments from the two
strains did not give a clear result. We therefore used a PCR
detection method with some modifications, using primers that
have the point mutation site at the 39 end (SSQA). This
method was based on previously reported methods, such as the
amplification refractory mutation system (35), allele-specific
PCR (36), or mutant-allele-specific amplification (37), for
detecting human genetic diseases. However, in our experi-
ments using the primers shown in Fig. 2a, amplification
specificity did not seem sufficient to avoid the production of
false bands (mismatched amplification from reciprocal prim-
ers) under the usual reaction conditions (data not shown).
Thus, we chose exo2 Pfu enzyme for amplification because it
lacks a 39 3 59 exonuclease proofreading activity. Its appli-

cation much improved the specificity and quantitativeness of
allele-specific amplification between B6 and M. spretus
genomic DNAs (Fig. 2 b–d Left). With this SSQA method,
maternal expression of Meg1yGrb10 was confirmed in day 10
and day 13 whole embryos and skeletal muscles from day 1
neonates and adults of (B6 3 spretus)F1. Thus, only the
B6-specific primer gave the expected band in all samples (Fig.
2d Upper Right). On the other hand, only the spretus allele was
detected in the skeletal muscle of neonatal progenies of the
backcross that are heterozygous for the Meg1yGrb10 allele,
produced by mating of (B6 3 spretus)F1 females to B6 males
(Fig. 2d Lower Right).

In situ hybridization experiments showed that Meg1yGrb10
was expressed in almost all tissues of embryos and placentas
(Fig. 3 a and c) at the day 13 stage. The expression analysis by
in situ hybridization was repeated and the time allowed for the
color reaction was altered. These studies indicated that Meg1y
Grb10 was widely expressed. However, there were no detect-
able differences in expression between different tissues (see
below). Expressions of Meg1yGrb10 has been observed in
heart, kidney, lung, liver, and brain in adult mice, and expres-
sion of human GRB10 has been observed in adult human
skeletal muscle and pancreas by Northern blot analysis (27,
38). These expression patterns appear to be consistent between
embryos and adults. It is noteworthy that all the imprinted
genes, including Meg1yGrb10, examined so far show expression
in the placenta (unpublished results).

DISCUSSION

Meg1yGrb10 in Insulin and IGFs Signaling Pathways May
Affect Embryonal Growth. Mouse Grb10 has been reported to
map to proximal chromosome 11 (27) (near Egfr). Genetic
studies have shown that the maternal duplication and paternal
deficiency of chromosome 11 proximal to the translocation
breakpoint T30H (MatDp.prox11.T30H) caused prenatal
growth retardation and, conversely, PatDp.prox11.T30H
caused enhanced growth in both embryos and placentas (3,
39). In humans, the GRB10 protein binds to the insulin
receptor and IGF-I receptor through its src homology 2
domain and negatively regulates the growth-promoting effects
of insulin and IGFs (IGF-I and -II), by inhibiting the tyrosine
kinase activities of these receptors toward their substrates,
such as IRS-1 (insulin receptor substrate 1) and phosphatidyl-
inositol 3-kinase (40). It has also been demonstrated that
microinjection of human GRB10 src homology 2 domain
inhibited growth at the cellular level (38). There have also been
reports that deletion of IGF1R on chromosome 15 caused SRS
with severe pre- and postnatal growth deficiency (41). In the
mouse, knockouts of Igf1 (42), Igf2 (43), and their receptor,
Igf1r (44), demonstrated that all these genes substantially
affected embryonal growth. Furthermore, the Irs-1 knockout
demonstrated that this gene was also very important for
embryonal growth (45, 46). Although no direct evidence has
been obtained to demonstrate that Meg1yGrb10 interacts with
Irs-1, it is probable that overexpression of Meg1yGrb10 in-
hibits the tyrosine phosphorylation of Irs-I, directly or indi-
rectly, causing growth retardation in the MatDp.prox11.T30H
embryos. Recently, the region has been narrowed down to
between the T57H breakpoint and the centromere (47). In this
imprinted region, another paternally expressed imprinted
gene, U2af1-rs1 (U2 small nuclear ribonucleoprotein auxiliary
factor related sequence 1), has been reported (48, 49). Because
the U2af1-rs1 knockout mouse showed no apparent phenotype
even in homozygotes,‡‡ Meg1yGrb10 is now a good candidate

‡‡Sunahara, S., Nakamura, K., Nakao, K., Gondo, Y., Shibata, H.,
Hayashizaki, Y., and Katsuki, M., Annual Meeting of the Molecular
Biology Society of Japan, August 26–30, 1996, Sapporo, Hokkaido,
Japan.
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for the gene responsible for the growth effects of this imprinted
region.

Imprinted Genes in Insulin and IGFs Signaling Pathways.
It has been suggested that the growth-promoting effects of
IGF-II (Igf2) are mediated via its binding to Igf1r (50). Thus,
two kinds of paternally expressed genes, Ins (1 and 2) (51) and
Igf2 (13, 43), and two maternally expressed genes, Igf2r (10)
and Meg1yGrb10, are involved in the same growth controlling
pathway, which is consistent with the parental conflict hypoth-
esis for the evolution of genomic imprinting in mammals (52).
This theory postulates growth promoting effects of paternally
expressed genes and growth inhibiting effects for maternally

expressed genes. Although recent analysis of imprinted genes
from our systematic screening of Pegs and from other research-
ers showed that not all imprinted genes support the conflict
hypothesis, it is noteworthy that four imprinted genes involved
in the insulin and IGF pathways function as proposed by this
hypothesis.

GRB10 Is a Candidate Gene for SRS. Human GRB10 is
located on chromosome 7q11.2–12 (29), the region that is
known to show conservation of synteny with mouse proximal
chromosome 11 (53), whereas human U2AF1-RS1 has been
mapped to 5q22–31 (54, 55). Maternal disomy of human
chromosome 7 has been reported to cause SRS, which has

FIG. 2. (a) Gene structure of Meg1yGrb10. Protein coding regions are shown as open boxes with a three-domain structure, including PR
(proline-rich sequences), PH (Pleckstrin homology domain), SH2 (src homology 2 domain), as described by Ooi et al. (27). The position of the first
and second primer sets used for the SSQA method are shown by arrows (1st, blue and black; 2nd, red or green and black). A base substitution
(C 3 A) occurred in M. spretus compared with the B6 strain in the 39 untranslated region of the Grb10 transcript. After 30 cycles of the first
amplification with common primers, 5 ng of each PCR product was reamplified with a second set of primers. (b) Assessment of quantitativeness
of SSQA method. Genomic DNAs isolated from B6 and spretus were mixed together in the proportions indicated. 100, 100% B6 and 0% spretus
DNA; 90, 90% B6 and 10% spretus DNA, etc. SSQA was performed. DNAs (total 5 ng) amplified with the first PCR were reamplified with the
second sets of primers for 10 cycles. (c) The results from three independent experiments of SSQA as shown in Fig. 2b were calculated and plotted.
Calculation of the relative proportions of B6 DNA (y axis) was performed with the data measured by the PDI Bioimage analyzer, the discovery
series. (d) Verification of Meg1yGrb10 imprinting. (Left) Genomic DNAs from B6, spretus, (B6 3 spretus)F1 and two examples of (B6 3 spretus)F1
3 B6 backcross progenies. (Right) Lanes: B6 and Spr, cDNA from adult skeletal muscle; BxS d10, d13, nn, and adt, cDNA from day 10 and day
13 whole embryos, skeletal muscle from day 1 neonate, and adult (B6 3 spretus)F1; (BxS)xB, two examples of cDNA from skeletal muscle of the
progeny of (B6 3 spretus)F1 3 B6 backcross (nn, day 1 neonates) that were heterozygous (as shown Left as (BxS)xB-a and -b).
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symptoms including pre- and postnatal growth retardation and
some morphological disorders as described above (30–32).
There have been reports that in one patient who had paternal
duplication of short arm and maternal duplication of long arm
of chromosome 7 showed only postnatal growth retardation.
Thus, because genes on both the short and long arms of
chromosome 7 may be involved in this syndrome and the
phenotypes observed in duplication of the chromosomes in
question in both human and mice are very similar, it is probable
that they are induced by a deficiency or gain of function of
imprinted gene(s) in both cases. The involvement of this gene
in SRS is being examined by experiments to show imprinting
of human GRB10 and in experiments using Meg1yGrb10 in
transgenic mice. These studies are expected to reveal that one
of the main causes of SRS is disruption of the insulin and IGF
signaling pathways. We have previously suggested that the
imprinted gene PEG1yMEST on 7q31–34 is another candidate
gene for SRS (56).

Subtraction-Hybridization Method. To date, 11 imprinted
genes (Peg1–8, Meg1, 2, and 5) have been identified on six
chromosomal regions by the subtraction-hybridization method
using combinations of parthenogenetic and control fertilized
embryos for Pegs (11) and androgenetic and fertilized embryos
for Megs (this study). These findings demonstrate that our
method for the identification of imprinted genes is very
efficient and requires very small amount of biological material
(12). The method could therefore be used in other areas of
research on development on cell differentiation.
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