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INTRODUCTION

Several lines of evidence have accumulated in recent years indicating that nuclear cyto-
plasmic interactions play an important role in the formation and fate of the developing
mouse embryo. Early nuclear transplantation experiments indicated that the ability of
nuclei to direct cleavage after transfer into enucleated zygotes falls abruptly with nuclei
from more advanced preimplantation stages [1]. Transcriptional activation of the nuclei,
which occurs during the second cell cycle probably precludes the reprogramming of
nuclei from later cleavage stages [2]. Thus, when an 8-cell nucleus is transferred to an
enucleated zygote, such a reconstituted zygote is blocked at the 2-cell stage. However,
when identical 8-cell nuclei were transferred into both blastomeres of enucleated 2-cell
embryos, they were able to support development to the blastocyst stage and even gave
rise to live offspring [2-4]. This indicated the importance of the cytoplasmic environment
for the ability of the incoming nucleus to support development. It should be noted that in
these experiments, the nuclear cytoplasmic ratio was also an important factor in deter-
mining the development of the reconstituted embryos [2]. Similar observations were also
made when monitoring the development of haploid embryos [5]. In another study,
Latham and Solter [6] examined the ability of androgenones, obtained by replacing the
female pronucleus of a zygote by the male pronucleus, to develop to the blastocyst stage.
Androgenones generated from C57B1/6 eggs were found to be much more competent to
give rise to blastocysts than were DBA/2 androgenones. However, when androgenones
were constructed from (DBA/2xCS57B1/6)F, zygotes (genetic constitution of the
embryos will hereafter be indicated with the female parent coming first followed by the
male parent), by replacing the DBA/2 female pronucleus with a C57Bl/6 pronucleus,
they also developed poorly. This was not simply due to the lack of some component in
DBA/2 cytoplasm, since the impaired development was also observed when C57B1/6
male pronuclei from pairs of (DBA/2xC57B1/6) F, were transferred to an enucleated
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C57B1/6 egg. Rather, these results indicated that the developmental failure was the
result of a stable epigenetic modification of the paternal C57B1/6 genome by the DBA/2
cytoplasm. More recently, Reik et al. [7] showed that changing the nucleocytoplasmic
composition of a zygote could have an effect on the adult mouse phenotype. By
exchanging maternal pronuclei between DBA/2 and C57B1/6 zygotes, they produced
interstrain nucleocytoplasmic hybrids in which the maternal genome and the egg cyto-
plasm were of opposite genetic backgrounds (DBA/2 or C57B1/6). Control zygotes were
produced in which the female pronucleus was removed from (C57Bl/6 xDBA/2)F, eggs
and replaced with a C57B1/6 pronucleus coming from another (C57B1/6XDBA/2)F,
egg. Mice obtained from nucleocytoplasmic hybrids and control zygotes were compared,
using 2D gel electrophoresis of liver proteins, and it was found that whereas the latter
expressed the four major urinary proteins (MUPs), most of the former (25 out of 26)
expressed very little of the MUPs. Thus, an adult phenotype, the expression of MUPs in
adult liver, could be affected by extragenetic programming in the early embryo. In this
paper, we will review experiments performed in our laboratory over several years, which
also point to the importance of the interactions between parental genomes and egg cyto-
plasm for the development of the mouse zygote. These studies take advantage of the par-
ticular genetic properties of the DDK inbred mouse strain.

The unusual properties of the DDK mouse inbred strain

The genetic properties of the DDK inbred strain of mice were first described by Waka-
sugi and his colleagues [8]. When DDK female mice are crossed to males of other inbred
strains, they generally exhibit a low fertility, whereas the reciprocal crosses (non-DDK
femalesx DDK males) or intrastrain crosses are normally fertile (Fig. 1a). The degree of
lethality of (DDKxnon-DDK)F, embryos, referred to hereafter as the DDK syndrome,
depends on the strain of the non-DDK male. It was subsequently shown that the low fer-
tility was due to death of the hybrid embryos around the morula-blastocyst stage [9].
Impairment of gap junctional communication in (DDKxXC3H)F, embryos (a lethal com-
bination) was shown more recently and could account for the lethality observed [10, 11].
To explain the DDK syndrome, and on the basis of various crosses between DDK and
non-DDK strains, Wakasugi [12] proposed that a gene, Om, produces a substance O in
the oocyte cytoplasm and that another closely linked gene encodes a product S in the
sperm. The alleles O and S occur in the majority of strains, whereas DDK mice have the
alleles 0 and s. When o and S are present together, their interaction is lethal to the
embryo. The other combinations are normal.

Developmental potential of zygotes with various
nucleocytoplasmic compositions

Wakasugi’s genetic model to account for the lethality of (DDKxnon-DDK) hybrid
embryos postulated an incompatibility between a cytoplasmic product made by a DDK
gene and a gene, or gene product, carried by the alien male sperm. To obtain more
insight into the respective roles of the maternal and paternal genomes and the egg-cyto-
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Fig. 1 - Developmental potential of embryos corresponding to different combinations of pronuclei
and cytoplasm of DDK (D) and Balb/c (B) eggs. a) Embryos resulting from mating. 4), ¢) and
d) Embryos resulting from pronuclear transplations.

https://doi.org/10.1017/50001566000001033 Published online by Cambridge University Press


https://doi.org/10.1017/S0001566000001033

6 M. Cohen-Tannoudji et al.

plasm in the DDK syndrome, we used nuclear transfer [13] to generate eggs with various
genomic and cytoplasmic combinations. The viability of the different reconstituted
embryos was monitored by culturing them in vitro [14] and measuring the proportion of
morulae able to reach the blastocyst stage. The results of these experiments, which used
Balb/c as the non-DDK strain (with Balb/c, the DDK syndrome is very severe) may be
summarized as follows:

1. The lethality of (DDKxBalb/c)F, zygotes is due to an incompatibility between
the DDK cytoplasm and the Balb/c male pronucleus (Fig. 1b). The DDK female
pronucleus and the Balb/c male pronucleus are not incompatible per se. Similar
results were obtained independently by Mann [15].

2. The incompatibility is not manifested between a female alien pronucleus and
DDK cytoplasm (Fig. 1c). Specifically, nucleocytoplasmic hybrids with DDK
cytoplasm, a maternal genome from Balb/c and a paternal DDK genome devel-
oped normally. Thus, the lethality of (DDKxBalb/c)F, embryos is specifically
expressed through an interaction between a paternal, but not maternal, alien
genomic contribution and DDK cytoplasm.

3. The cytoplasm of (DDKxBalb/c)F, zygotes is modified in such a way that it
becomes less competent to promote normal development (Fig. 1d). This was
shown by transferring male and female pronuclei taken from (Balb/cxDDK)F,
zygotes into enucleated (DDKxBalb/c)F, zygotes: such reconstituted zygotes
developed poorly compared to control enucleated DDK zygotes receiving the
same combination of pronuclei. This suggests that an aberrant interaction between
a cytoplasmic product and a paternal component has taken place following fertil-
ization before the first cleavage division and this is detrimental for development
even when the zygote is reconstructed with otherwise compatible pronuclei.

The egg cytoplasm product involved in the DDK syndrome is
of maternal origin and persists during initial stages
of preimplantation development

Initial experiments, using nuclear transfer (see above) had shown that the inability of
(DDK xBalb/c)F, zygotes to develop normally was due to an abnormal interaction
between a cytoplasmic product of the DDK egg and a paternal component. To address
the question of the origin — maternal or zygotic — of the cytoplasmic product in
(DDK xBalb/c)F, zygotes, we performed the following experiment: cytoplasts were pre-
pared from normal or parthenogenetically activated oocytes and fused to (Balb/cxBalb/c)
or (Balb/cxDDK)F, zygotes, and the development of the manipulated eggs was moni-
tored in vitro to the blastocyst stage. With both kinds of cytoplasts it was found that
whereas the (Balb/cxDDK)F, operated embryos developed normally to the blastocyst
stage, the Balb/cxBalb/c eggs were compromised (Fig. 2, Table 1). The experiments
demonstrated that one of the components responsible for the DDK syndrome is a maternal
factor and further confirms that its action depends on the paternal genotype of the fused
embryo. We then examined if the maternal factor could be active at later cleavage stages;
experiments were performed reconstituting embryos from individual blastomeres previ-
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Genotype cytoplast fusion Cytoplast from DDK from morula
St 1 Ovulated oocyte 714
St 4 Ovulated oocyte 69.2
B-D St 1 81.8
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St 8 St4 il
St1 Ovulated oocyte 5
St 4 Ovulated oocyte 14.3
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Fig. 2 - Development of (Balb/cxBalb/c) and (Balb/cxDDK)F, embryos after synchronous and
asynchronous fusion with DDK cytoplasts. Schematic representation of the experimental procee-
dure of synchronous DDK cytoplast fusion with Balb/c 4-cell stage.
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Table 1 - Development of (Balb/cxBalb/c) and (Balb/cxDDK)F, embryos after synchronous and
asynchronous fusion with DDK cytoplasts (see Fig. 2)

Recipient embryos Cytoplast from DDK Blastocysts developping
from morula %

Genotype Stage at cytoplast fusion

1 cell ovulated oocyte 714

4 cell ovulated oocyte 69.2

B-D 1 cell 81.8
8 cell 4 cell 100.0

1 cell ovulated oocyte 25.0

4 cell ovulated oocyte 14.3

B-B 1 cell 143
4 cell 10.0

8 cell 4 cell 0.0

Data from Renard et al. [18].

ously fused with cytoplasts: as with oocytes, DDK cytoplasts from different cleaving
stages were fused with blastomeres of either (Balb/cxDDK)F, or (Balb/cxBaib/c)
embryos (Fig. 2). The fusions were either synchronous, i.e. between cytoplasts and blas-
tomeres of the same stage, or asynchronous. The results of such experiments are summa-
rized in Table 1. They clearly show that the maternal factor involved in the DDK syn-
drome is still present in the 4-cell-stage embryos and can act at least until the 8-cell stage.

The DDK maternal factor Is present as an RNA in the oocyte

The cytoplast fusion experiments demonstrated that the cytoplasmic factor responsible
for the DDK syndrome was of maternal origin and was present in the cytoplasm of DDK
ovulated oocytes. It is well-known that there is extensive synthesis of RNA during
oocyte growth. This RNA, together with the proteins synthesized at the same time, con-
stitutes a maternal store, which will be important during the subsequent steps of fertiliza-
tion and preimplantation development of the zygote [reviewed in Ref. 16]. We therefore
investigated whether the DDK maternal factor was present as an RNA in ovulated
oocytes. Total RNA was prepared from DDK oocytes and microinjected into the cyto-
plasm of 1-cell-stage zygotes. When this RNA was injected into (Balb/cxDDK)F, eggs,
they developed into morulae that then reached the blastocyst stage. In contrast, when
(Balb/cxBalb/c) eggs were injected with the same RNA preparation, the majority of the
morulae obtained were incapable of forming blastocysts (Fig. 3, Table 2). Control RNA
from different cell types of DDK origin (embryonic fibroblasts, adult testis or ovaries)
were without effect on the development of morulae obtained from (Balb/cxBalb/c)
injected zygotes. Taken together, these experiments demonstrate that the maternal factor
involved in the DDK syndrome is present as an RNA in the ovulated oocyte and has
therefore presumably been synthesized during the growth phase of the oocyte.
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Fig. 3 - DDK (d) RNA injection into (alien x alien) and (alien xDDK)F, eggs. Schematic represen-
tation of the experimental procedure using Balb/c (b) as the alien strain.
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Table 2 - DDK RNA injection into (alienxalien) and (alienxDDK)F, eggs

Source of Genotype of Blastocysts developping
DDK RNA recipient embryos from morula %
Ovulated oocytes A-A 333
A-D 76.9
Fibroblasts A-A 652
A-D 60.8

A corresponds to two non-DDK mouse inbred strains, Balb/c and C3H, both of whic h exhibit the DDK syn-
drome. Data are from Renard et al. [18].

Genetic localization of the locus responsible for the DDK
syndrome

Although both genetic analysis [12] and nuclear and cytoplasmic transfer experiments
[see above and Ref. 17, 18] have clearly shown that the lethal condition of
(DDK xnon-DDK) hybrid embryos was due to incompatibility between a cytoplasmic
product of maternal origin that is present as an RNA in DDK oocyte cytoplasm [18]
and some alien paternal component, nothing is known about the molecular mechanisms
underlying this incompatibility. As a first step towards identifying the gene(s) responsi-
ble for the observed lethality, we have set out to determine the genetic localization of
the locus (or loci) invoived {19]. In a first series of experiments, a backcross was set
up, using Balb/c as the alien strain. Balb/c females were crossed with DDK males and
the F| males resulting from this cross were then backcrossed to Balb/c females, giving
rise to backcross 1 individuals (BC,). BC, males were then analysed in two assays to
determine their phenotype with respect to the DDK syndrome. In an in vivo assay they
were crossed with either DDK or Balb/c females and the litter sizes of both types of
crosses were recorded. In parallel, an in vitro assay was performed, in which
(DDKxBC1) 3-day-old embryos were collected and monitored for their development
in vitro to the blastocyst stage; controls for the in vitro assay were (DDKxDDK),
(DDKxBalb/c) and DDKx (Balb/cxDDK)F, embryos. Both in vivo and in vitro
assays gave the same kind of results: when crossed with DDK females, BC, males were
distributed in two classes, one with an F, phenotype (exhibiting an intermediate devel-
opmental potential) and the other with a Balb/c phenotype (very few embryos develop-
ing). This showed that a single locus is responsible for the DDK syndrome, as postu-
lated by Wakasugi [12]. The analysis of the segregation of various genetic markers in
the backcross progeny allowed the localization of this locus, Om, close to Scyal and
Scya2 (formerly called Tca and Sigje) on chromosome 11 (Fig. 4) [19]. Using a differ-
ent genetic approach, Sapienza et al. [20] found a similar chromosomal localization for
Om. A high-resolution map of the region has since established that Om lies within a 2-
cM region, bordered by the markers D//Mit33 and DI1IMit36 (Fig. 4) [Baldacci et al.,

in prep.].
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Fig. 4 - Genetic mapping of Om locus.
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Concluding remarks

Following the work of Wakasugi [12], who first described the unusual genetic properties
of the mouse strain DDK, we have been able, using different experimental approaches,
to demonstrate that the DDK syndrome is due to an interaction between a product pre-
sent in DDK egg cytoplasm and the alien male genome or male genome products. We
also showed that the DDK cytoplasmic factor was of maternal origin. Furthermore,
nuclear transfer experiments indicated that the lethal interaction was manifested when
the alien genome was of paternal but not maternal origin. Hence, the lethality of
(DDK xalien)F, embryos can be interpreted as the result of both a maternal and a pater-
nal effect. The fact that DDK oocyte RNA could induce the DDK syndrome when
injected into a zygote endowed with an alien paternal genome is reminiscent of the
maternal effects observed, for example in Drosophila melanogaster or Caenorhabditis
elegans and originating from the impairment of a gene product made during oogene-
sis [21]. To our knowledge, these observations constitute the first direct evidence in
mammals of maternal control at work during embryonic development. They also rule out
a recently proposed model {20], which relied on aberrant imprinting of the Om locus in
the DDK line. Indeed, imprinting deals with postzygotic expression of one or the other
allele of a gene depending on its parental origin and, therefore, the imprinting model is
not consistent with our finding of a maternal product in the oocytes involved in the DDK
syndrome. At the present time, it is difficult to decide whether the paternal effect we
have disclosed is due to a product carried by the alien sperm or to the activity of a pater-
nal gene soon after fertilization and during the pronuclear stage. The latter hypothesis is
problematic, as considerable evidence indicates that zygotic gene expression does not
begin until after the first cleavage [reviewed in Ref. 22].

The lethality of (DDKxalien)F, embryos as well as other features of the DDK syn-
drome described here are unique to DDK, as no other case of hybrid failure has been
described in crosses between laboratory mice. Hence, DDK can be viewed as a strain
carrying a mutation that has made it possible to reveal a crucial type of interaction
between maternal and paternal components of the fertilized egg. When this interaction is
defective, as in the case of (DDKxBalb/c)F, embryos, the development of the early
embryo is compromised. Although we favour this hypothesis, we cannot formally
exclude an alternative one in which the mutation causes an ectopic expression of some
gene(s) normally silent during oogenesis. Earlier genetic studies by Wakasugi [12] indi-
cated that a single locus called Om was responsible for the DDK syndrome. This was
recently confirmed in our laboratory and by another group which, using different genetic
approaches, could map this locus to the distal part of chromosome 11. Importantly, we
could also show that both parental effects depended on the genetic constitution of the
Om locus: indeed, when examining the status of animals from recombinant inbred strains
following crosses between DDK and Balb/c, we found that both males and females of a
given line were either of the DDK or the Balb/c type.

While it is now clear that a single locus, the position of which on the genetic map has
been established, determines a quite complex phenotype including early death of inter-
strain embryos and parental effects, several issues pertaining to the genetic properties of
DDK remain unsolved. For example, it is known that the degree of lethality depends on
the alien strain used [8, 14]. This could indicate that either there are different alien Om
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alleles or that some other genes may modulate the extent of the syndrome. Secondly, it
has been shown that embryos born from (DDKXxalien)F, females backcrossed to alien
males exhibited intermediate lethality [20, 12], about half of the embryos dying. In view
of our results demonstrating the expression of the Om? product in DDK oocytes, both
Om* and alien Om products should be present in F, oocytes and it is not clear how they
would compete for the putative male product to give the observed result, i.e. the death of
about half of the embryos. To solve this issue, one could hypothesize that in the female
germ-line, Om expression is subject to allelic exclusion which would result in the pres-
ence in the ovulated hybrid oocyte of either the Om¢ or the alien Om product, regardless
of the Om allele ultimately transmitted to the progeny; in this context, it is interesting to
note that monoallelic expression has recently been disclosed for olfactory receptor genes
[23], thus adding a fourth case of functional hemizygosity to the three already known,
namely X-chromosome inactivation, parental imprinting and allelic exclusion of
immunoglobulin and T cell receptor genes. Consistent with this hypothesis, we found
that roughly half the animals born to (Balb/cxDDK)F, females crossed to Balb/c males
inherited an Om? allele. All the available evidence, either genetic or embryological, indi-
cates an interaction between a DDK maternal product and an alien male component. That
the latter is not merely a genomic component but rather a gene product is suggested by
early nuclear transplantation experiments; indeed Renard and Babinet [14] showed that
the cytoplasm of an enucleated (DDKxBalb/c)F, zygote was less competent than the
cytoplasm of a (DDKxDDK) zygote in its ability to interact with male and female
pronuclei to promote normal development. Thus, this “toxic” effect was most probably
due to an alien male genomic product since it could manifest itself in the absence of the
alien male genome. At the present time, it is not possible to decide whether the maternal
and paternal gene products are expressed from a single gene or from two genes. In the
former case, the gene would necessarily function differentially in the female and male
germ-lines. Positional cloning of the Om gene(s) currently in progress in our laboratory
should help to address these different issues and particularly the molecular mechanisms
implicated in the embryonic lethal syndrome.
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