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Abstract—Imprinted genes play important roles in the mammalian development. In the parthenogenetic
embryos (PE), there is only expression of maternally expressed genes. Therefore, PEs are appropriate experi-
mental models to study genomic imprinting controlling mechanisms. The maternally expressed H/9 and pater-
nally expressed Igf2 are reciprocally imprinted genes in normal embryos. Here, we studied effect of transform-
ing growth factor alpha (TGFa) treatment in vitro (10 ng/ml at the morula stage) on the expression of Igf2/HI19
locus in mice PE (9.5 days of gestation, 25 somites) and their placentas (PP). Using RT-PCR, we showed that
TGFa reactivated maternally imprinted /gf2 gene in parthenogenetic embryos and placentas. In spite of similar
Tgfo expression in the preimplantation stages, its expression in the 9.5-day parthenogenetic embryos is signif-
icantly less than in normal embryos (NE). In our experiments, it was shown that reactivation of Igf2 gene
occurred independently of H/9 gene. In vitro TGFo treatment of mouse PE reactivated paternally expressed
Igf2 gene in the PE and PP. In the PE and PP, both Igf2 and HI9 were expressed. It seems that TGFo can play
an important role as modulator of the Igf2/H19 locus.

INTRODUCTION

The use of parthenogenetic embryos as experi-
mental models allows us to follow gene expression
from maternal allele only and to get an idea about
genomic imprinting controlling mechanisms.
Imprinted genes are a class of genes found in placen-
tal mammals, marsupials, and seed plants whose
expression depends on their parental origin [1-4]. In
mammals, many imprinted genes are involved in the
control of fetal growth and are expressed in both
fetal and placental tissues. Recent work in mice has
indicated that the roles of imprinted genes in fetal
and placental tissues can be genetically separated, and
that, in the placenta, these genes regulate both growth
and specific nutrient transfer [5]. In the present time, the
list of imprinted genes grows fast, and more than
70 imprinted genes are now reported in the mouse
(http://www.mgu.har.mrc.ac.uk/research/imprinting/
imprin-viewdata.html). Most of them are conserved in
humans.

The mouse Insulin-like growth factor 2 gene (Igf2)
is located on distal chromosome 7 and closely linked
with H19 gene. H19 and Igf2 are reciprocally imprinted
genes. The paternally expressed Igf2 encodes a potent
fetal growth factor, and the maternally expressed H/9

* This article was submitted by the authors in English.

encodes a noncoding RNA [6]. Mouse /gf2 gene has 4
promoters (PO, P1, P2, and P3), 2 pseudoexons, and 6
exons (acc. no. U71085). The peptide-coding region is
in the exons 4-6. All transcripts are spliced to exon 4,
leading to the same peptide. Promoters P1-P3 are tran-
scribed in fetal mesodermal, endodermal, and extra-
embryonic tissues, whereas PO is transcribed in the pla-
centa [7]. Igf2 has mitogenic, morphogenic, and meta-
bolic properties [8] and plays an important role in the
early stages of mammalian development. Igf2 expres-
sion begins at the blastocyst stage of embryo develop-
ment [9]. The Igf2 gene is regulated at the transcription
and translation levels [10, 11]. In the adult mouse, /gf2
expression stops in most of the tissues with the excep-
tion of the leptomeninges and choroid plexus of the
brain, which express both paternal and maternal alleles
[11]. Humans exhibit similar patterns of expression
with one major exception, adults continue to express
IGF2 in the liver, and the maternal allele is expressed
through the use of an alternate nonimprinted promoter
[12, 13]. Overexpression of IGF2 has been observed in
tumors of the lung, ovary, breast, and liver [14].

Transforming growth factor alpha (TGFq) is a sin-
gle polypeptide of 50 amino acids that is derived from
a 160-amino-acid transmembrane precursor by pro-
teolytic cleavage. TGFa is structurally and functionally
related to the epidermal growth factor (EGF) family
and binds to the epidermal growth factor receptor
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Sample information and summary of results

PE + TGFa | Somites number | Igf2 HI9 | TGFa
1 25 + + +
2 25 + + +
3 25 + + +
4 25 + + +

PE - TGFa
1 20 - + +
2 25 - + +
3 21 - + +
4 12 - + -

Note: “~”, no expression, “+”, expression in the embryo.

(EGFR). A possible autocrine/paracrine growth mech-
anism was investigated in vitro with cloned human non-
small cell lung cancer (NSCLC) cell lines [15].

In this work, we studied the effect of in vitro TGFa
treatment on the /gf2 gene expression in the partheno-
genetic mice embryos and placentas.

MATERIALS AND METHODS

(CBA x C57BL6) F, mice were used for egg recov-
ery. Parthenogenesis was done as previously described
[16]. 10 ng/ml of TGFo (Sigma, United States) was
added into the culture medium of parthenogenetic
morulas. Parthenogenetic blastocysts were transplanted
into the female uterus at the third day of pseudogesta-
tion. At 9.5 days of gestation, embryos and placentas
were isolated (table).

Total RNA was isolated from normal (NE) and par-
thenogenetic embryos (PE) and placentas (PP) with
Trizol RNA Prep 100 kit (Isogene, Russia). RT-PCR
was done with GenePak™ RT-PCR Core kit (Isogene,
Russia) according to manufacturer’s instructions, using
the following primers: Igf2, 5-TCCTGTCTTCATC-
CTCTTCCAGCCCC-3',  5-CGGTCCGAACAGA-
CAAACTGAAGCGT-3' (RT-PCR product size: 198
bp); H19, 5'-CCACTACACTACCTGCCTCAG-3', 5'-
GGTGGGTACTGGGGCAGCATTG-3' (435 bp) and
5-CATGTCTGGGCCTTTGAA-3',  5-TTGGCTC-
CAGGATGATGT-3' (245 bp); and Gapdh, 5'-ACCA-
CAGTCCATGCCATCAC-3', 5-TCCACCAACCCT-
GTTGCTGTAG-3' (452 bp). RT-PCR conditions were
40 min reverse transcription at 37°C and then 94°C,
45 s; 60°C, 30 s; 72°C, 45 s for 32 cycles, with a 2 min
“hot start” at the beginning and 7 min extension at the
end. Tgfo RT-PCR was done with 50 ng total RNA of
NEs and untreated PEs using primers 5'-AGCCAGAA-
GAAGCAAGCCATCACT-3' and 5-CTCATTCTCG-
GTGTGGGTTAGCAA-3'" (RT-PCR product size
501 bp) in the conditions mentioned above, except anneal-
ing (56°C and 40 s). Primers were designed so that
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RNA and DNA amplification products had different
sizes and could be differentiated in the gel. Glyceralde-
hyde phosphate dehydrogenase gene (Gapdh) was used
as an internal control gene. The products were run on
ethidium bromide stained agarose or polyacrylamide
gels and photographed.

RESULTS AND DISCUSSION

Serious disturbances of early development leading
to the death of mammalian parthenogenetic embryos
(PE) result from malfunctions of genomic imprinting, a
mechanism controlling functional differences between
the maternal and paternal genomes. Mouse PE usually
die on the 10th day of pregnancy reaching a maximal
stage of 25 somites. Exogenously added TGFa to the
PE culture medium at the morula stage can modulate
the effects of genomic imprinting in PE of
(CBA x C57BL6) F; mice [16]. TGFo. prolonged
development of the parthenogenetic mice embryos to
more than 12 days of gestation, whereas without TGFo,
parthenogenetic mice embryos died earlier [16]. On the
other hand, in vitro IGF2 treatment of mouse PEs leads
to a significant prolongation of their development as
compared to control ones [17]. These evidences indi-
cate that TGFa can modulate the effects of genomic
imprinting in mouse PEs, which results in prolongation
of their development.

Tgfa expression analysis with FISH in mouse has
shown that its expression appears as soon as the two-
cell stage and increases to blastocyst stage [18]. Pat-
terns of expression are similar in parthenogenetic and
normal embryos when referred to morphological devel-
opmental stage, suggesting that no maternal imprinting
exists for Tgfor gene [18]. In spite of similar Tgfor
expression in the preimplantation stages mentioned
above, our RT-PCR results with initial equal concen-
tration of total RNA showed that its expression in the
later stage of development in the 9.5-day PEs is signif-
icantly less than normal embryos (Fig. 1).

A comparative analysis of organospecific expres-
sion of the Igf2 gene in 12-day-old PE and the expres-
sion of this gene in normal (fertilized) embryos at the
analogous stage of morphogenesis (11th day of devel-
opment) was done using in situ hybridization with
whole mount preparations of PE treated with TGFo
(10 ng/ml) in vitro at the morula stage using RNA
probe labeled with digoxygenine. At the morphogene-
sis stage under study, the expression of Igf2 gene
observed in the somites, limb buds, upper part of the
branchial arch, liver, and gastroenteric tract rudiments
of the NEs, but in the TGFa treated PEs essentially in
the head (data not shown). Igf2 expression did not
observe in the untreated PEs (data not shown).

Our RT-PCR results showed that, in both PEs and
PPs, TGFo treatment reactivated Igf2 expression
(Fig. 2 and table). Igf2 expression analysis using equal
concentrations of total RNA in the normal and TGFa
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Fig. 1. Tgfa expression in the 9.5-day normal (NE) and control (untreated) parthenogenetic embryos (PE). Identical total RNA con-
centration (50 ng) was used for RT-PCR analysis.
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Fig. 2. Igf2 and H19 expression in 9.5-day TGFa treated parthenogenetic embryos (PE) and placentas (PP). Results of RT-PCR
analysis in polyacrylamide gel. /gf2 (lane /), H19 (lane 2) expression in the TGFa treated parthenogenetic placenta; Igf2 (lane 3),
H19 (lane 4) expression in the TGF . treated parthenogenetic embryo; marker (lane 5); negative control, H,O (lane 6); Igf2 (lane 7),

H19 (lane 8) expression in the normal embryo.

treated PEs showed that its expression was less than
normal embryos but significantly more than untreated
control PEs (Fig. 3). It means that /gf2 expression in the
TGFa treated PEs did not result from leakage expres-
sion. H19 expression in TGFa treated PE was less than
NE and untreated PE (Fig. 3). In Fig. 3, we used H/9 as
internal control. There is HI19 expression in all of the
embryos that we used; therefore, H19 is an appropriate
internal control. We used another pair of primers for
HI9 because of interference between Igf2 and HI/9
primers and similar size of Gapdh and H19 in this case.
In fact, imprinted genes repression is not complete, and
in some cases, the repressed allele is active to ~5% of
the level produced by the expressed allele [19].

The mouse Igf2 produces multiple transcripts dur-
ing development using three different promoters. The
transcripts have different 5' starting exons [20]. Differ-
ential expression analysis using RT-PCR showed that
all of the embryonic Igf2 promoters (P1-P3) were reac-
tivated. We used a multiplex PCR for examining /gf2
promoter usage in which cDNAs were amplified with
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Fig. 3. H19 and Igf2 expression in 9.5-day control PE and
TGFo treated PE. H19 and Igf2 expression in the mouse NE
(lane 1), TGFa treated PE (lane 2), and control PE (lane 3).
Equal total RNA concentrations (35 ng) were used for RT—
PCR analysis. H19 is used as internal control.
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three promoter-specific forward primers and a common
reverse primer. In the PCR reaction, three promoter-
specific forward primers compete with each other for
the common reverse primer, depending upon the rela-
tive abundance of the promoter-derived transcripts
(data not shown, primers on request).

Reactivation of Igf2 gene occurred independently of
H19. This is consistent with reports on loss of imprint-
ing in the human genetic disorder Beckwith—Wiede-
mann syndrome (BWS), which can occur indepen-
dently of HI9 [21, 22]. Furthermore, deletion of a
repressor element located downstream of Igf2 can lead
to reactivation of normally silent maternal Igf2 allele in
the skeletal muscle independently of H/9 [23].

Reactivation of the maternally imprinted /gf2 in
TGFa induced hepatocellular carcinomas in mice was
formerly reported [14]. We confirmed their results and
showed that TGFo can reactivate the imprinted mater-
nally /gf2 in the PE and PP of mouse. It seems that
TGFa exerts its effect through Igf2 reactivation via its
mitogenic and morphogenic properties.

Kono et al. [24] recently have shown the develop-
ment of a viable parthenogenetic mouse individual to
adulthood from a reconstructed oocyte containing two
haploid sets of maternal genome, derived from non-
growing (ng) and fully grown (fg) oocytes. This devel-
opment was made possible by increasing the activity of
the Igf2 gene in parthenogenetic embryos together with
monoallelic expression of the H/9 gene, using mutant
mice with a 13-kb deletion in the H/9 gene as nongrow-
ing oocyte donors. This full-term development is asso-
ciated with a marked reduction in aberrantly expressed
genes. Their microarray analysis of the expression of
over 11 000 genes showed that the expression levels of
more than 1000 genes in the surviving H19*3-carrying
parthenotes were more similar to those of normally fer-
tilized embryos than to those of parthenotes with two
intact copies of H/9. These results show an important
role of Igf2/H19 locus in the regulation of other genes,
especially on the expression of other imprinted genes.
The oligonucleotide microarray analysis also showed
that, in the ngH19*3/fg"" parthenotes, normalization
nearly occurred in all of the imprinted genes analyzed
[24]. The results of Kono et al. show importance of
Igf2/H19 locus in the imprinting of other imprinted
genes. Therefore, we think TGFo can play an important
role in the early stages of development as a modulator
of Igf2/HI19 locus, although mechanisms of its effect
need to be studied in more detail.

How does TGFa reactivate imprinted /gf2? Is there
any role for autocrine/paracrine function of TGFa in
the reactivation of the imprinted /gf2? These questions
must be answered in the future.

ACKNOWLEDGMENTS

This work was supported by the Program of the Pre-
sidium of the Russian Academy of Sciences “Dynamics

RUSSIAN JOURNAL OF GENETICS

ROSTAM ZADEH et al.

of Plant, Animal, and Human Gene Pools,” the Russian
Foundation for Basic Research (grant no. 04-04-
48612), grant of Bulgarian Ministry of Education and
Science (grant no. G1401-04/2004), and the program of
the President of the Russian Federation “Support of
Scientific Schools” (grant no. NSh-827.2003.4).

REFERENCES

1. Brannan, C.I. and Bartolomei, M.S., Mechanisms of
Genomic Imprinting, Curr. Opin. Genet. Dev., 1999,
vol. 9, pp. 164-170.

2. Reik, W. and Walter, J., Genomic Imprinting: Parental
Influence on the Genome, Nat. Rev. Genet., 2001, vol. 2,
pp. 21-32.

3. Ferguson-Smith, A.C. and Surani, M. A., Imprinting and
the Epigenetic Asymmetry between Parental Genomes,
Science, 2001, vol. 293, pp. 1086-1089.

4. Sleutels, F. and Barlow, D.P., The Origins of Genomic
Imprinting in Mammals, Adv. Genet., 2002, vol. 46,
pp. 119-163.

5. Constancia, M., Hemberger, M., Hughes, J., et al., Pla-
cental-Specific IGF-II Is a Major Modulator of Placental
and Fetal Growth, Nature, 2002, vol. 417, pp. 945-948.

6. Constancia, M., Pickard, B., Kelsey, G., et al., Imprint-
ing Mechanisms, Genome Res., 1998, vol. 8, pp. 881—
900.

7. Constancia, M., Dean, W., Lopes, S., et al., Deletion of a
Silencer Element in Igf2 Results in Loss of Imprinting
Independent of H19, Nat. Genet., 2000, vol. 26, pp. 203—
206.

8. Rogler, C.E., Yang, D., Rossetti, L., et al., Altered Body
Composition and Increased Frequency of Diverse
Malignancies in Insulin-Like Growth Factor-II Trans-
genic Mice, J. Biol. Chem., 1994, vol. 269, pp. 13779-
13784.

9. Ohlsson, R., Larsson, E., Nilsson, O., et al., Blastocyst
Implantation Precedes Induction of Insulin-Like Growth

Factor II Gene Expression in Human Trophoblasts,
Development, 1989, vol. 106, pp. 555-559.

10. Dechiara, T.M., Efstratiadis, A., and Robertson, E.J., A
Growth-Deficiency Phenotype in Heterozygous Mice
Carrying an Insulin-Like Growth Factor II Gene Dis-
rupted by Targeting, Nature, 1990, vol. 345, pp. 78-80.

11. Dechiara, T.M., Robertson, E.J., and Efstratiadis, A.,
Parental Imprinting of the Mouse Insulin-Like Growth
Factor II Gene, Cell (Cambridge, Mass.), 1991, vol. 64,
pp- 849-859.

12. Vu, T.H. and Hoffman, A.R., Promoter-Specific Imprint-
ing of the Human Insulin-Like Growth Factor-II Gene,
Nature, 1994, vol. 371, pp. 714-717.

13. De Pagter-Holthuizen, P., Jansen, M., Van Der Kam-
men, R.A., ef al., Differential Expression of the Human
Insulin-Like Growth Factor II Gene: Characterization of
the IGF-II mRNAs and an mRNA Encoding a Putative
IGF-II-Associated Protein, Biochim. Biophys. Acta,
1988, vol. 950, pp. 282-295.

14. Harris, T.M., Rogler, L.E., and Rogler, C.E., Reactiva-
tion of the Maternally Imprinted /gf2 Allele in TGFo.-
Induced Hepatocellular Carcinomas in Mice, Oncogene,
1998, vol. 16, pp. 203-209.

Vol. 41  No. 10 2005



15.

16.

17.

18.

19.

TGFo. REACTIVATES IMPRINTED Igf2 IN THE PARTHENOGENETIC MICE EMBRYOS

Putnam, E.A., Yen, N., Gallick, G.E., et al., Autocrine
Growth Stimulation by Transforming Growth Factor-ou
in Human Non-Small-Cell Lung Cancer, Surg. Oncol.,
1992, vol. 1, pp. 49-60.

Platonov, E.S., Penkov, L.I., and Koniukhov, B.V,
Transforming Growth Factor oo (TGFo)) Modulates the
Effect of Genomic Imprinting and Prolongs the Devel-
opment of Parthenogenetic Murine Embryos, Russ.
J. Genet., 2001, vol. 37, pp. 1358-1363.

Platonov, E.S., Penkov, L.I., and New, D.A., Effects of
Growth Factors FGF2 and IGF2 on the Development of
Parthenogenetic Mouse Embryos in Utero and in Vitro,
Ontogenez, 2002, vol. 33, pp. 60-67.

Croteau, S., Menezo, Y., and Benkhalifa, M., Transform-
ing Growth Factors o and B Expression in Fertilized and
Parthenogenetic Pre-Implantation Mouse Embryos:
RNA Detection with Fluorescent In Situ Hybridization,
Dev. Growth Differentiation, 1995, vol. 37, pp. 433-440.

Barlow, D.P., Competition—A Common Motif for the
Imprinting Mechanism?, EMBO J., 1997, vol. 16,
pp. 6899-6905.

RUSSIAN JOURNAL OF GENETICS  Vol. 41 No. 10

20.

21.

23.

24.

2005

1143

Rotwein, P. and Hall, L.J., Evolution of Insulin-Like
Growth Factor II: Characterization of the Mouse IGF-II
Gene and Identification of Two Pseudo-Exons, DNA Cell
Biol., 1990, vol. 9, pp. 725-735.

Brown, K.W., Villar, A.J., Bickmore, W., et al., Imprint-
ing Mutation in the Beckwith—Wiedemann Syndrome
Leads to Biallelic /gf2 Expression through an H/9-Inde-
pendent Pathway, Hum. Mol. Genet., 1996, vol. 5,
pp. 2027-2032.

. Joyce, J.A., Lam, WK., Catchpoole, D.J., et al., Imprint-

ing of Igf2 and H19: Lack of Reciprocity in Sporadic
Beckwith—Wiedemann Syndrome, Hum. Mol. Genet.,
1997, vol. 6, pp. 1543-1548.

Ainscough, J.F.,, John, R.M., Barton, S.C., et al., A Skel-
etal Muscle-Specific Mouse Igf2 Repressor Lies 40 kb
Downstream of the Gene, Development, 2000, vol. 127,
pp. 3923-3930.

Kono, T., Obata, Y., Wu, Q., et al., Birth of Parthenoge-
netic Mice That Can Develop to Adulthood, Nature,
2004, vol. 428, pp. 860-864.



