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GENOME AND ITS REGULATION

Periimplantation subprogram for morphogenesis — the
evolutionary know-how of eutherians
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The occurrence of periimplantation subprogram for morphogenesis in eutherians, as a specific evolution-
ary acquirement, typical for members of the infraclass involved, has been substantiated.
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Eutheria, generally regarded as the placental, belong
to the most advanced mammalian infraclass [1]. Un-
like Monotremata and Marsupialia, Eutheria are
specific for a more advanced reproductive system,
which allows them to occupy various ecological
niches and to spread to different climatic zones. In
the areas where Monotremata and Marsupialia tried
competing FEutheria, usually, the preference was
given to the representatives of the latter. Both the
data of palacontological researches and the data of
ecologists, who observed the process of mammalian
colonisation of Australian continent, testify to the
mentioned fact [1].

Although the presence of placenta is considered to
be a specific feature of higher mammals, placenta is
also present in some Lacerta, Serpentes, and
Marsupialia[1,3]. Yetin Eutheria only, the process of
placenta formation is preceded by the period of
periimplantation [3]. Periimplantation in mammalian
female specimen is characterised by the series of mor-
phological and physiological changes in uterus and em-
bryo [3-6]. Complete information on these events is
presented in the research data on murine rodents [3, 4].
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A number of methods, aimed at the investigation of
events which condition the course of the
periimplantation and its final stage — the implantation
on molecular-genetic level were elaborated [7]. The
application of these methods allowed obtaining the
general representation of hereditary programmes and
molecular ways of realisation of these programmes, as-
sociated with the aforementioned process.

As a result it has been revealed that, the events, con-
nected with preparation and successful conclusion of
periimplantation, are dependent significantly on the “di-
alogue” between the embryo and the uterus on the
cell-molecular level [§—10]. This kind of “dialogue” is to
initiate uterus susceptibility and the degree of embryo
readiness to be implanted [3, 10, 11]. The period of sus-
ceptibility is limited in time [3, 4, 10] and uterus environ-
ment is capable of maintaining blastocyst growth, attach-
ment, and subsequent implantation [3, 12].

Ovarian steroids — progesterones and/or estrogens —
are considered to be the main factors determining
uterus susceptibility. However, if the implantation in
mice and rats depends on both hormones, then in
mustelids, pigs, Guinea pigs, rabbits, and cricetids the
mentioned process is ensured by progesterone only [3,
4,13, 14].
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The most essential step forward in understanding
the nature of factors, which control the period of
periimplantation in mammals, was made in the investi-
gations on rodents. The processes of activation and im-
plantation of their blastocysts were shown to be initi-
ated rapidly by a single injection of estrogen into the
progesterone-charged uterus [3, 4].

Three phases of uterus susceptibility towards im-
plantation can be distinguished: i) pre-receptive (uterus
has not acquired susceptibility towards the implanta-
tion) ii) receptive (uterus is susceptible to implantation)
iii) non-receptive (refractive) (uterus lost susceptibility
to implantation) [4]. The temporary period, when the
uterus is in the receptive phase, was called the implan-
tation window [3].

It has been noted earlier that Eutheria are specific
for the state of receptivity at the condition of uterus
“communication” with the embryo [3, 8—11]. The dura-
tion of this state is very limited [4].

It has been shown in [3, 4] that murine uterus is
completely receptive on the fourth day of pregnancy
and may be considered pre-receptive in the course of
first three days of pregnancy or pseudo-pregnancy. At
the same time murine uterus can be made receptive us-
ing small doses of oestrogen in 24—48 hours after uterus
was charged with progesterone. The receptivity and,
therefore, the effectiveness of implantation decrease
gradually and on the sixth day the uterus becomes com-
pletely refractive. It has been determined that the state
of openness-closeness of the “implantation window” in
mice is determined by the levels of oestrogen concen-
tration in a rather narrow range — at low oestrogen con-
centrations the “window” remains open for a long time,
however, this “window” closes down dramatically at
their increase. At the same time, high levels of oestro-
gen result in transition of the uterus to the non-receptive
phase, determine non-specific expression of genes for
this phase which occurs due to implantation [4].

Blastocyst, or to be more precise — its activity, is
considered to be one more important factor, which con-
trols the formation of “implantation window” [15].

Obviously, active and latent blastocysts differ mo-
lecularly and physiologically. Thus, receptor of epider-
mal growth factor — cyclooxygenase-2 (COX-2) — and
histamine receptor type II are the factors, connected to
the reaction of attachment and are expressed in re-acti-

vated blastocysts, however, their expression decreases
in latent ones [15—18]. On the contrary, cannabinoid re-
ceptor, bound with G protein, which is activated with
the introduction of cannabinoids, as well as
endocannabinoids, decreases its expression in active
blastocysts and increases in the latent ones [19]. Gener-
ally, these data unveil the specificity of molecular
mechanisms which control the activation of blastocyst
and its quiescence.

The intimate dialogue between the blastocyst and
the uterus during the implantation possesses some
specificities of reciprocal epithelial-mesenchymal in-
teractions and includes a series of evolutionary conser-
vative signalling factors [3, 9, 20]. Many of these fac-
tors play the important role in the processes of implan-
tation and spatial localisation of the embryo inside the
uterus; in particular they include epidermal growth fac-
tors (EGF), growth factors of fibroblast, lipids, insu-
lin-like growth factors, morphogenetic bone proteins
(MBP), proteins, encoded by Indian hedgehog (Ihh)
gene, as well as their receptors and antagonists [4,
21-23]. In the course of periimplantation period these
factors are expressed in murine uterus in definite spatial
and temporal sequence.

It was clarified that the reaction of blastocyst at-
tachment is related to local (in uterus stroma) induction
of genes, encoding MBP-2 and growth factor of
fibroblasts-2 [9, 21]. The same investigations revealed
that beads, wetted with EGF-similar factor GSEGF or
insulin growth factor, but not with any other proteins,
induce some local reactions in the uterus, similar to
those induced by blastocyst, namely, increased vascu-
lar penetration, decidualisation, and expression of
MBK-2 and COG-2.

Also it has been shown that the preparation of the
uterus for the implantation is specific for spatial and
temporal expression of genes, encoding the compo-
nents of Hedgehog(Hh)-signalling pathway [24-26].
The expression of these genes had been increasing in
lumen epithelium and uterus glands from the 3* day of
pregnancy and reached its peak on the 4" day [27].
Transcription of Hh-signalling pathway genes in
sprayed mice was induced exceptionally by progester-
one [26]. At the same time the induction of the expres-
sion of the aforementioned genes in response to proges-
terone treatment in the uteri of mice, mutant to the pro-
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gesterone receptor gene, was observed to be at a
significantly lower level. Ihh gene expression was de-
tected in uteri of cricetids under the influence of the
mentioned hormone [28].

It is most likely that progesterone regulates the ex-
pression of genes, encoding the components of Hh-sig-
nalling pathway, yet not only via its own nuclear recep-
tor but also via the by-pass, avoiding the receptor [29].

Nowadays it is absolutely obvious that the signalling
pathways, forming the network of dialogues between the
embryo and the uterus, are the integral attribute of the
implantation in all studied species of eutherians [3, 9, 21,
23, 30]. Specifically the integrins and their receptors —
trophinin-testin-bistin complex as well as the number of
other cell surface molecules, participate in adhesive cas-
cade, securing the connection of the blastocysts in the
places of implantation [3, 20, 31, 32]. GSEGF factor, in-
hibiting leukaemia (LIF) and homeobox-containing
transcriptional factors are known to play the important
role in the process of implantation in many mammalian
species [4, 9, 10, 17, 20]. They are supposed to form a
single signalling pathway and merge with
phospholipase-A2-COG-2 signalling pathway at the last
stage, thereby providing the successful implantation [9].

In the recent years the idea of endocannabinoids as
the key signalling link, providing synchronisation of
embryonic development and perceptiveness of uterus
has been formed [9, 19, 20, 30, 33, 34].

However, all participants of implantation signalling
pathways as well as the specificities of their functioning
have not been listed yet, i.e. whether they interact inde-
pendently, simultaneously or whether they converge to
common denominator, remains to be a mystery [4, 9].

Regardless of the fact that the mechanics and the ar-
chitecture of the implantation in majority of eutherians
vary [3], a series of issues identical for the aforemen-
tioned process may be singled out. Hence, the implan-
tation takes place at the stage of blastocyst, which is
specific for the “window” of uterus receptivity, recipro-
cal interaction between the blastocyst and the uterus, as
well as the increase in vascular penetrability of the
uterus in the place of blastocyst adjoining [3, 4]. There-
fore, recognition and analysis of the signalling path-
ways at the mentioned stages may bring to initiation of
the unified implantation scheme [3], which is also testi-
fied by the research data of mustelids.
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It has been revealed that mink LIF protein during
the implantation is localised on the uterine bottom and
neck [35]. Skunk uterus was specific for the increased
concentration of mRNA of LIF B-receptor in the places
of blastocyst implantation [36, 37].

These results allow authors to suppose that mustelid
LIF controls the process of blastocyst implantation
[35-37].

There are some data showing that during the im-
plantation Cog-2 gene is expressed in the places of at-
tachment and invasion of trophoblast [38]. At the same
time, the results obtained on skunks revealed that
Cog-2 is expressed during the implantation in both
uterus and blastocyst [39].

Thus, increased Cog-2 expression in both minks
and skunks is correlated in time with the inflow of
plasma proteins into the uterus and the reaction of
blastocyst attachment. According to the authors’ opin-
ion [38, 39] these facts confirm the fact that local pro-
duction of prostaglandin in mustelids may be consid-
ered as the initial inductor of the processes, responsible
for the preparation of uterus to implantation.

The investigation of the periimplantation process in
skunks revealed significant enlargement of EGF recep-
tors in blastocysts as well as increase in the number of
its transcripts in the uterus, which correlate with the res-
toration of the embryonic development and occur at the
moment of rapid increase in the mitotic activity rate of
embryos [40].

Recently, reactivated blastocysts of minks were re-
vealed to have the expression of EGF of fibroblasts-4
(FGF-4) as well as the expression of receptor FGF-2
(FGFR-2), detected in blastocysts only on the 5" day af-
ter their reactivation [41]. At the same time it was re-
vealed that internal cell mass of mink blastocyst ex-
presses both FGF-4 and FGFR-2, and trophoblast ex-
presses FGFR-2 only, which plays the important role in
the periimplantational proliferation of embryonic com-
ponents.

The investigation on the role of vascular endothelial
growth factor (VEGF) and its receptors during the
periimplantation process in minks was carried out. It
was determined that in the course of the
periimplantation period the females are specific for a
significant increase in uterine expression of VEGF and
its receptors, VEGF-1 and VEGF-2 [42]. This expres-
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sion is controlled by prostaglandins, COG-2 deriva-
tives, which was also confirmed by the results of inves-
tigation, carried out on mice [43]. It was revealed that
prostacyclin, COG-2 derivative of prostaglandin, is in-
volved in the implantation in mice, and its effect is me-
diated by the proliferator of peroxisome-active receptor
3 (PPARD) [44].

The expression of COG-2 in minks is a transient
event — it takes place during the attachment of
trophoblast and invasion of blastocyst [38] at the same
time it correlates with the increase of VEGF in the uteri
[42]. The process of implantation in minks is accompa-
nied by the expression in PPAR? endometrium [45].

Literature contains the data on the issue that not
only uterus [38] but also some reactive mink embryos
produce prostaglandins, PGE, in particular [45, 46].
The latter is the effective inducer of VEGF expression
in various tissues [47], and its expression is observed in
the uteri of mice in the course of implantation [44].

One more potential regulator of VEGF expression
is PGJ, which activates VEGF in human macrophages
via PPAGy [48]. PPAGy expression in minks is secured
in trophoblast during the implantation of blastocyst
[45]. It has to be remembered that VEGF acts by means
of its tyrosine kinase receptors VEGF-1 and VEGF-2
[49]. In case of minks the rise in the levels of expres-
sion of VEGF receptors is also correlated with the im-
plantation and is associated with the presence of reacti-
vated embryos in the uterus [42].

One of the latest works presents the evidence of the
fact that the important role in the vascularisation in
minks, connected with the implantation of blastocysts
is played by PGE,; at the same time PGE, effects the
mentioned process via its receptors EP2 and EP4 [46].

Stating on the mentioned above, currently known
details on signalling pathways of implantation in
mustelids [10] reveal some similarity with those of
murine rodents [23].

Therefore, the results of the analysis performed al-
low concluding that periimplantation period is specific
for active dialogue between the embryo and the uterus,
which has to prepare the “participants” to be implanted.
The information constituent of this dialogue is com-
posed by the positive selection throughout the evolu-
tion of eutherians and is presented as special “hybrid”

(embryonic and maternal) sub-programme, controlling
the process of periimplantation.

The presence of such programme differentiates
Eutheria from other mammalian specimen, i.e.
Monotremata and Marsupialia. This sub-programme
is to enable the informational support, directed at the
coordination of morphogenetic processes, providing fi-
nally, the in-time implantation of blastocysts. Regard-
less of some specific differences in the content of this
sub-programme, in all studied eutherians it is realised in
the course of periimplantation by means of active em-
bryo-uterus dialogue exclusively. At the same time, ac-
cording to modern views, the number of expressed
genes varies from several hundreds to more than a thou-
sand of genes, which are the part of both mother’s and
embryo’s genomes [4, 11, 19, 23, 30]. The expression
of these genes is of clear-cut spatial and temporal se-
quence, the fluctuations from which may result in fatal
consequences for the development of progeny in the
mother’s womb [3, 4]. The developing progeny may be
injured by the genetic disorders, causing the informa-
tional changes in the mentioned sub-programme.

Therefore, successful reproduction of eutherians is
heavily dependent on the quality and timeliness of
realisation of morphogenetic sub-programme, control-
ling the periimplantation. Thus the conclusion can be
made — the effect of the stabilising positive selection in
the process of periimplantation, established in the ex-
ample of minks [50], is directed towards the protection
and in some cases correction of the aforementioned
sub-programme [51].
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