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Abstract

The review is dedicated to one of the relevant and widely discussed topics of modern
biotechnology, namely cloning of mammals. Particularly, the success and problems of the somatic
nuclear transfer (SCNT) are discussed herein. The advantages and disadvantages of a commonly
used SCNT and zona-free modification are compared based on special publications and the data
obtained in our experiments. The most promising targets for the SCNT are reproductive cloning,
therapeutic cloning and fundamental science. Conservation of rare and endangered species is also
in focus. Nevertheless, to date the cloning application is still relatively limited. One of the reasons
is a low yield of healthy offspring in mammals, for example, average yield in cattle is about 9 % of
cloned embryo transfers result in birth of healthy offspring. It is assumed that deviations in the
development of cloned fetuses are caused by disorders in genomic reprogramming of a somatic
cell nucleus, which results in significant disturbance of gene expression particularly in placenta.
Even though there are several practical techniques that allow to increase effectiveness of SCNT,
reprogramming of the nucleus demands further study as one of the fundamental problems of de-
velopmental biology. Second problem that hinders practical application of SCNT method is com-
plexity of the conventional technique, which was introduced about 30 years ago by S.M. Willadsen
(1986). Since then the technique has been applied almost without any variations. At the same time
significant progress has been achieved in the so called zona-free nuclear thansfer method (zona-
free NT), where oocytes are freed from zona pellucida before enucleation. This method was suc-
cessfully applied for the first time by T.T. Peura et al. (1998). They used blastomeres of bovine
embryo for electrofusion. The method was also effective for creation of cloned embryos of pig
(P.J. Booth, 2001), sheep (T.T. Peura, 2003), cow (P.J. Booth et al., 2001), horse (C. Galli et al.,
2003) using somatic cells. We have improved zona-free NT method for cattle embryo cloning
(G.P. Malenko et al., 2006). In the available publications there are no references about zona-free
NT use by other researches in Russia while worldwide it is considered more simple, effective and
reproducible method compared to a conventional one (I. Lagutina ¢ coast., 2007; B. Oback ¢
coasnrt., 2007). Preparation of cytoplasts by enucleation of zona-free oocytes can be carried out
without fluorescent dyes with effectivness of 95-100 % and preservation of 96-97 % of ooplasm
volume (M.I. Procofiev et al., 2007). Electrofusion rate of zona-free cytoplasts and somatic cells is
95-100 % (I. Lagutina et al., 2007; G.P. Malenko et al., 2007) compared to 60-70 % achieved
during conventional cloning (I. Lagutina et al., 2007). Blastocyst yield is equal or higher then
yield produced by the conventional method. Embryo transfer results are comparable for both
methods. Zona-free NT method may further increase the output of cloned embryos and offspring
of the farm animals due to the simplicity and high effectiveness. Since the unique gene combina-
tions of elite bulls’ genotypes can not been copied by natural reproduction, their cloning is prom-
ising, particularly by means of zona-free NT—SCNT. SCNT application also seems to be the
most prospective in animal transgenesis.

Keywords: somatic cell nuclear transfer, zona-free method, enucleation, electrofusion,
farm animals.



The first publication on successful cell nuclear transfer in mammals was
issued back in 1981 [1]. The authors reported the birth of three mice resulting
from transplantation of embryoblast cell nuclei into enucleated zygotes. How-
ever, no one, including the authors, has been able to reproduce this experiment.
A few years later S.M. Willadsen of Cambridge University, a specialist in farm
animals’ embryology, made a breakthrough obtaining the first cloned lamb as a
result of 8- and 16-cell embryo blastomeres and enucleated sheep ovum fusion
[2]. Using the S.M. Willadsen’s technique, cloned offspring of cattle and pigs
[3, 4]. A report on the birth of Dolly the sheep published in 1997 [5] became a
historical moment in the development of cloning technology which demon-
strated a possibility of a complete reprogramming of a differentiated somatic
cell nucleus by the cytoplasm of enucleated oocyte recipient. Next, numerous
publications appeared on embryo cloning based on somatic cell nuclear trans-
fer (SCNT) followed by transplantation of these embryos and by the birth of
offspring in cattle [6, 7], mice [8], goats [9], pigs [10, 11], rabbits [12], horses
[13] and other animal species.

The most promising targets for the SCNT are reproductive cloning,
therapeutic cloning and fundamental science. In the practice of animal hus-
bandry, the «copies» of elite bulls possessing a unique combination of genetic
material can be created with the help of cloning which is impossible with the
natural reproduction. Perspective of cloning method use for the preservation of
rare and endangered species is in focus. SCNT application seems to be most pro-
spective in animal transgenesis. The efficiency of gene constructs microinjection
in male zygote pronucleus was very low when applied to farm animal species
[14]. At the same time, cloning makes it possible to produce transgenic animals
using previously transfected somatic cells in vitro as nuclei donors. As a result,
efficiency is increased tenfold, which is very important when it comes to large
farm animals [6]. Such cattle transgenic fetal fibroblasts retain their competence
as nuclei donors in the SCNT technique [15]. The birth of calves transgenic for
the human blood clotting factor IX (hFIX) in an experiment using this approach
has been reported [16].

Transgenesis based on the use of somatic cells is compatible with target
genetic modifications applying «zinc-finger nucleases» (ZFNs) that make it pos-
sible to produce specific endogenous gene knockout individuals [17]. Currently,
intensive studies on transgenesis of pigs useful as donor organs for xenotrans-
plantation are conducted in the world [18]. Transgenic pigs, the models of a
number of human diseases, have been obtained [19, 20].

However, the method of animal cloning is not widespread yet, mainly
due to a low yield of healthy offspring. In cattle, it averages about 9 %. Abnor-
malities in the development of cloned fetuses are mainly due to impaired repro-
gramming of the donor cell genome which results in a significantly disrupted
gene expression, in particular, in the placenta [21, 22]. Even though there are
several practical techniques that allow increasing SCNT effectiveness [23-29],
reprogramming of the nucleus demands further study as one of the fundamental
problems of developmental biology.

Another problem that hinders the development of cloning is the com-
plexity of a number of SCNT stages implementation. A significant progress has
been achieved in the so-called zona-free nuclear transfer method (zona-free
NT), where oocytes are freed from zona pellucida before enucleation. First, it
was successfully applied back in 1998 in cattle cloning when blastomeres were
the nuclei donors [30]. The approach appeared to be effective with the use of
somatic cells for creation of cloned embryos of pig [31], sheep [32, 33], cattle



[33-38], and horse [13].

We have improved the zona-free NT method for cattle embryo cloning
[39]. In the available publications there are no references about zona-free NT use
by other researches in Russia while worldwide it is considered a more simple, ef-
fective and reproducible method compared to the conventional ones [40, 41]. In
this paper, based on publications and the data obtained in our experiments, we
tried to perform a comparative analysis of the basic stages of SCNT technology
under the commonly used and zona-free methods of cattle cloning.

The key SCNT process of the reprogramming of a differentiated somatic
cell nucleus is the result of the direct oocyte cytoplasm effect on the karyoplast
nuclear material. In vitro matured enucleated oocytes are usually used as re-
cipient cytoplasts. The cytoplasm of cattle and pig oocytes contains numerous
lipid granules resulting in invisibility of the metaphase plate under the micro-
scope. When 20-30 % of the volume of oocyte cytoplasm adjacent to the first
polar body (PB1) is removed, only 42-60 % of oocytes are enucleated [42-44],
so that this method is recognized not to be suitable for the preparation of cat-
tle cytoplasts [435].

Intravital oocyte staining with fluorescent nuclear Hoechst 33342 stain
makes it possible to accurately determine the location and ensure the efficient
(to 100 %) removal of maternal chromosomes. However, even the short-term
exposure to ultraviolet (UV) radiation may affect the quality of cytoplasts ad-
versely [44]. Cattle oocyte enucleation controlled by the Oosight imaging system
doubled SCNT efficiency compared to Hoechst 33342 in combination with UV
[46]. Demecolcine provided a high degree of enucleation (95.7 %) without any
apparent negative effects [44].

Regardless of how the maternal chromosomes are located, oocyte enuclea-
tion by the traditional method is performed using a micromanipulator with a hold-
ing pipette and a manipulating pipette with an end sharpened at an angle, prefera-
bly with an additional spike. This stage requires a great skill of the performer
which is acquired as a result of long practice.

In accordance with the zona-free NT technique, oocytes are freed from
zona pellucida before enucleation by treatment with a pronase solution. Fur-
ther enucleation can be performed manually or using a micromanipulator. Us-
ing the hand-made cloning (HMC) methods, oocytes are cut in halves with a
sharp razor under a stereomicroscope [30, 33, 35, 47, 48]. Oocyte halves are
stained with Hoechst 33342, and cytoplasts without nuclear material are identi-
fied under a microscope.

According to another enucleation technique used in HMC, oocytes
without zona pellucida are treated with demecolcine solution which enhances
the formation of a cytoplasmic membrane protrusion on the oocyte surface at
the metaphase plate location which is clearly visible under a stereomicroscope.
This part of the oocyte is cut away with a razor, which allows selecting cyto-
plasts without staining with Hoechst 33342 and further UV irradiation [49].
However, in this case, approximately 25-30 % of the oocyte cytoplasm volume is
lost under enucleation as well, so two cytoplasts are required to produce one re-
constructed embryo using the HMC technique. Reconstructed embryos can con-
tain up to three types of mitochondrial DNA (mitochondrial heteroplasmy).

Using a micromanipulator, enucleation of oocytes without zona pellucida
is performed without a holding pipette. At this, the number of enucleated oocytes
for a certain period of time is 2-3 times higher compared to common enucleation
of oocytes with zona pellucids [41], and the amount of cytoplasm removed with
maternal chromosomes is less than 4 % of the oocyte volume [38]. Therefore, an
enucleated oocyte is used as a cytoplast which is especially important in animals in



which the limited number of oocytes is available, for example in horses [41]. At
this, the location of oocyte chromosomes and reliability of enucleation were also
controlled by Hoechst 33342 staining followed by using UV [32, 38, 41].

We proposed a modified method of blind enucleation of cattle oocytes
without zona pellucida. Oocytes were freed from cumulus cells and zona pellu-
cida after 16 hours from the start of in vitro maturation. Qocytes with polar bod-
ies were immediately selected for enucleation. The remaining cells were returned
back to the maturation medium and viewed every 30 minutes, PB1 oocytes being
selected each time. According to the published findings, the removal of cumulus
cells 15 hours after the beginning of cattle oocyte maturation in vitro does not
reduce the degree of nuclear maturation and no has effect on the further devel-
opment of parthenogenetically activated or reconstructed embryos [50, 51]. Ac-
cording to our results, 16.5 hours after the beginning of maturation, about 25 %
of cattle oocytes of cattle have separated PB1; in 18 hours, about 50 % of the
oocytes reached the stage of MII. At this, the removal of cumulus cells using
Vortex in hyaluronidase solution and enzymatic removal of zona pellucida in
these periods did not result in the separation of PB1 from the surface of mature
oocytes [52]. Since with the absence of zona pellucida, the first polar body PB1
stays on the oocyte surface only under the linkage with the metaphase plate,
PBI1 is the pointer of the precise location of maternal chromosomes [53].

Oocyte enucleation was performed using a holding pipette and ma-
nipulating micropipette with an evenly cut end of a diameter of 20-25 mi-
crons. The pipette end was led up to PB1, and the latter was aspirated along
with a small portion of the adjacent cytoplasm. That is, enucleation was per-
formed by a blind technique without additional treatment with demecolcine
or nuclear dye Hoechst 33342 and UV. Enucleation efficiency was 97-100 %,
cytoplastic lysis was virtually not observed, and the oocyte cytoplasm loss did
not exceed 3 % of its original volume [52].

To obtain reconstructed embryos, microinjection of an isolated nucleus
or the whole somatic donor cell in cytoplast is used in some cases. However, the
most common technique of combining the donor cell nucleus and cytoplast is
electrofusion. The common cloning technique includes placing a somatic cell
from a micropipette under zona pellucida using a holding pipette, if possible
close to the plasma membrane of a cytoplast. The close contact of cell mem-
branes is one of the most important conditions for successful electrofusion.
However, this cytoplast-somatic cell contact in the perivitelline space under
zona pellucida is not always obtained, as the cells are significantly different in
size. Typically, the electrofusion rate is 50-70 % of the constructs prepared and
exposed to an electropulse. According to 1. Lagutina et al. [41], electrofusion ef-
ficiency in cloning using the conventional method does not exceed 60-70 % in
cattle, and 65-83 % in horses

Following the zona-free NT technique, cytoplast-somatic cell constructs
are prepared manually under a stereomicroscope using a phytohemagglutinin so-
lution. We oriented each of these constructs in the electrofusion chamber rela-
tive to electrodes manually without exposure to alternating electric field, both
prior to and after the pulse. In our experiments, the electrofusion rate was up to
95-100 % [52]. According to I. Lagutina et al. [41], following the zona-free NT
technique, this value was 96-100 % in cattle and horses.

When using phytohemagglutinin, there is also a possibility to automati-
cally orientate a group of several «cytoplast-somatic cell» constructs under the
effect of an alternating electric field in a chamber with rectangular in section
parallel electrodes 35 mm long spaced 3 mm from one another [37, 38, 54].

Karyoplasts contained in reconstructed embryos are subjected to the



combined effect of the oocyte cytoplasm, and as a result, the original core
material of a differentiated somatic cell may undergo the reprogramming and
acquire the properties of a totipotent cell. It is the cytoplasm of oocytes at
MII stage that contains the factors that promote reprogramming of differenti-
ated cell nuclei [2, 5].

In vivo embryo development is triggered by an activation process, when
the amount of maturation promoting factor (MPF) decreases in the cytoplasm of
a mature oocyte under the influence of a wave of increasing calcium ion con-
centration caused by the penetration of a sperm cell. Reconstructed embryos
should be artificially activated for which (regardless of the cloning method)
both chemicals and physical impact are used. At the same, starting from the
stage of activation, reconstructed embryos without zona pellucida require indi-
vidual placement to prevent their aggregation. At the stage of activation when
the reconstructed embryos are incubation for 4 hours in the medium containing
2 mM DMAP (6-dimethylaminopurin), this problem is solved by placing them
by one in medium microdroplets of 5 mcl coated with vaseline oil.

Later, reconstituted cattle embryos should be cultured for 6-7 days until
the early stages of preimplantation development suitable both for cryopreserva-
tion and for non-surgical transplantation. Individual cultivation of cattle embryos
is successfully carried out in small drops of medium [30, 38, 55, 56, 57]. How-
ever, there are data indicating that the effectiveness of embryo development in
individual culturing may significantly decrease compared to culturing in groups.
In addition, embryos without zona pellucida may lose some blastomeres in the
drops on a flat surface of the dish bottom prior to the stage of compaction.
Therefore, the Well of the Well (WOW) system is a promising one for the culti-
vation of embryos without zona pellucida [58].

The technique of preparation of small recesses in the bottom of plastic
Petri dishes by a cold dissecting needle pressing against the bottom under a me-
dium drop was proposed back in 1993 [59]. In this study and in the following
ones [60], the system was used for aggregating embryonic stem cells with mouse
embryos when creating chimeras. Small-sized recesses were comfortable cells
for individual placement of dividing mouse embryos freed from zona pellucida.
The conical shape of the recess bottom contributed to the contact of blas-
tomeres and stem cells. Moreover, a small volume of medium of approximately
0.04 mcl was in close proximity to the embryo in such a system. With this, the
dilution of autocrine factors is apparently limited during cultivation which affects
the embryo development positively [49, 61].

In the WOW system, the total medium volume is 0.5 ml per a 4-cell well
that makes the embryo culturing without medium change possible. A disadvantage
of the WOW system is the necessity to prepare recesses in plate wells by hand, as
the plates of such type are not currently manufactured in the world. In our ex-
periments (zona-free NT technique), the output of cloned cattle blastocysts under
culturing embryos without zona pellucida in the WOW system ranged from 33 to
48 % of the total number of reconstructed embryos [52].

Transgenic sheep with increased content of omega-3 fatty acids in milk
have been obtained using the zona-free NT technique [62]. The authors also
noted that the zona-free NT technique is not inferior to the conventional SCNT
method in efficiency but is less expensive and easier to implement. The staff of
the institute where a horse was cloned first in the world using the zona-free NT
technique (Istituto Sperimentale Italiano Lazzaro Spallanzani, Italy) [13], com-
pared this method with the conventional one for cloning of cattle, horse, sheep,
and pig embryos and offspring based on their own research and on the published
data. According to the authors, the lack of zona pellucida in oocytes facilitates



the enucleation stage greatly and increases the efficiency of electrofusion of cy-
toplasts and somatic cells significantly. Blastocyst yield is equal or higher than
the yield produced by the conventional method; survival after cryopreservation
and transfer results are comparable for both methods.

Thus, when the zona-free nuclear transfer (zona-free NT) technique is
used, cytoplasts are prepared from mature oocytes previously freed from zona
pellucida. In general, this technique is easier to implement and provides higher
efficiency compared to conventional methods, and this is the reason why the
zona-free NT technique is regarded as a promising one for production of cloned
embryos and viable offspring of farm animals. In our technique modification,
oocyte enucleation is performed using a micromanipulator with an easy to
manufacture microtool without nuclear fluorescent stains. At this, enucleation
rate is 95-100 % while retaining 96-97 % of the ooplasm volume and without
cytoplast lysis. Electrofusion of cytoplast-somatic cell constructs prepared using
phytohemagglutinin is up to 95-100 %.
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