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A B S T R A C T

Somatic cell nuclear transfer (SCNT) is an important technique for producing cloned animals. It,
however, is inefficient when there is use of SCNT for cloned animal production. Cytoplasm in-
jection cloning technology (CICT) was developed to overcome the inefficiencies of SCNT use of
this purpose. The use of CICT involves additional cytoplasm fusing with enucleated oocytes to
restore the cytoplasmic volume, thus improving the in vitro developmental competence and
quality of cloned embryos. In this study, there was application of CICT in cats to improve the in
vitro developmental competence of cloned embryos, as well as the production of the offspring.
The results of this study were that fusion rate of the cloned embryos with use of the CICT method
was greater than that with SCNT (80.0 ± 4.8% compared with 67.8 ± 11.3%, respectively),
and more blastocysts developed with use of CICT than SCNT (20.0 ± 2.0% compared with
13.5 ± 5.0%, respectively). The 62 cloned embryos that were produced with use of CICT were
transferred into five estrous synchronized recipients, and 151 cloned embryos produced using
SCNT were transferred to 13 estrous-synchronized recipients. After the embryo transfer, there
was birth from surrogate mothers of one live-born kitten that resulted using SCNT compared with
three live-born kittens using CICT. The number of CICT-cloned embryos born was greater than
that of SCNT-cloned embryos (4.8 ± 2.3% compared with 0.7 ± 1.3%, P < 0.05). These re-
sults indicate that the CICT technique can be used to produce cloned kittens, including en-
dangered feline species.

1. Introduction

The use of somatic cell nuclear transfer (SCNT) has resulted in producing offspring in many species such as sheep (Deng et al.,
2013; Zhang et al., 2013), goats (Zhou et al., 2013; Feng et al., 2015), cattle (Hoshino et al., 2009; Luo et al., 2015), buffalo (Yang
et al., 2010; Lu et al., 2018), horses (Hinrichs et al., 2007; Olivera et al., 2018), pigs (Ma et al., 2016; Kwon et al., 2017), rabbits
(Skrzyszowska et al., 2006; Meng et al., 2009), dogs (Jang et al., 2008; Hong et al., 2009) and cats (Choi et al., 2007; Yin et al.,
2008b). Cloning with use of SCNT results in many research opportunities not only in generating and multiplying transgenic animals
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(Yin et al., 2008a,b; Samiec and Skrzyszowska, 2011a, b; Guo et al., 2017; Wang et al., 2017), but also in genetic rescuing and re-
introducing critically endangered or extinct species (Samiec, 2005; Kim et al., 2007; Gomez et al., 2008; Folch et al., 2009). With the
use of SCNT, however, the efficiency of offspring production remains very low (Whitworth et al., 2009; Zhao et al., 2009; Samiec and
Skrzyszowska, 2018a). The poor efficiency in offspring production using SCNT results because of epigenetic reprogramming of the
somatic cell-inherited nuclear genome in the cytoplasm of recipient oocytes and descendant blastomeres of cloned embryos (Loi et al.,
2016; Niemann, 2016; Sepulveda-Rincon et al., 2016; Gao et al., 2018). Removal of relatively large volumes of cytoplasm from
enucleated nuclear recipient oocytes, however, contributes to the large incidence of failures in epigenetic reprogramming of somatic
cell nuclei, which leads to aberrant gene expression during preimplantation development of SCNT-derived embryos (Whitworth and
Prather, 2010; Kwon et al., 2015; Samiec and Skrzyszowska, 2018b). Epigenetic reprogramming of somatic cell nuclei is thought to
improve with use of strategies of artificial epigenomic modulation of in vitro cultured nuclear donor cells, nuclear recipient oocytes
and cloned embryos (Samiec and Skrzyszowska, 2012a; Samiec et al., 2015; Opiela et al., 2017; Jin et al., 2018; Saini and Selokar,
2018) or by using novel approaches to artificially activate nuclear-transferred oocytes (Samiec and Skrzyszowska, 2012b; Fernandes
et al., 2014; Samiec and Skrzyszowska, 2014; de Macedo et al., 2019).

In metaphase II (MII), chromosomes are removed from the oocytes, which is an integral aspect with use of the SCNT methodology
(Hua et al., 2007). In animals such as mice and rats, MII chromosomes are easily removed because the nucleus is easily visualized
(Zhou et al., 2003; Kishigami et al., 2006). In other animals such as cattle and pigs, however, MII chromosomes are difficult to remove
because the cytoplasm in the oocytes has a large lipid content (Abe et al., 2002; Sturmey et al., 2006). Thus, enucleation of MII-stage
oocytes can be accomplished by microsurgical elimination of maternal chromosomes that have been dyed using Hoechst 33342
fluorochrome and subsequently are exposed to ultraviolet (UV) irradiation. Oocyte nuclear staining and UV irradiation has a negative
effect by decreasing the oocyte development and nuclei reprogramming efficiency (Gil et al., 2012; Kim et al., 2012). To avoid
damage from UV irradiation, an MII plate was randomly removed with approximately 30% of the cytoplasm using typical light
procedures; however, use of this approach negatively affected embryo development. Maintenance of sufficient cytoplasmic volume in
the enucleated oocytes is an important aspect of perpetuating SCNT-derived embryos with a relatively greater developmental po-
tential (Peura et al., 1998; Sayaka et al., 2008).

The use of Handmade cloning (HMC) approaches allowed for overcoming of the cytoplasmic volume problem. The use of HMC
approach enabled for the production of one embryo by fusing two enucleated oocytes to produce embryos with a typical cytoplasmic
volume (Vajta et al., 2004; Kragh et al., 2005; Du et al., 2007). A negative feature of HMC, however, was that zona-free reconstructed
embryos had greater damage due to environmental factors and potential disease transmission (Vajta et al., 2004; Verma et al., 2015).

To improve cloned embryo development and overcome the shortfalls of previous cloning methods, a new cloning method (Xu
et al., 2019) described as cytoplasm injection cloning technology (CICT) was developed that allowed for restoration of the cyto-
plasmic volume of an enucleated oocyte. Embryos produced using CICT were of greater quality than those produced with use of
SCNT, as assessed by total cell numbers and gene expression. For example, analysis of expression profiles for genes related to
epigenetic reprogramming (DNA methyltransferase 1, 3a, 3b) indicated the use of CICT improved epigenetic reprogramming with use
of this technique for cloning of cattle (Xu et al., 2019).

In the present study, CICT was applied in cats to produce cloned kittens. The cloning of cats was previously attempted using SCNT,
but developmental capacity of cat embryos produced using SCNT was low and resulted in few live births (Yin et al., 2005, 2008a; Yu
et al., 2010; Lee et al., 2010). Restoring the cytoplasm of embryos of cats using the CICT techniques will contribute to cloning both
companion and endangered species of cats.

2. Materials and methods

2.1. Chemicals

Unless otherwise noted, all chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals

Domestic female cats used as recipients and donors were individually housed in stainless steel cages measuring 1.86m×0.73
m×0.65m (W×D × H) and were fed dry food and water ad libitum. The animal housing room was temperature-controlled in the
range of 21–25 °C and light-controlled on a 14D:10 L light cycle. The Gyeongsang National University Institute of Animal and Care
and Use Committee approved all surgical procedures (GNU-140922-T0049). All cats were feline leukemia virus (FeLV)-free, feline
immunodeficiency virus (FIV)-free, and feline infectious peritonitis (FIP)-free. Feline vaccines against feline herpes virus, calicivirus,
panleukopenia virus and Chlamydia psittaci were administered (Felocell 4; Pfizer, New York, NY, USA).

2.3. Donor cell preparation

Donor somatic cells were derived from the skin tissue of domestic cats. In brief, the skin tissue was washed three times with
Dulbecco’s phosphate-buffered saline (D-PBS; Invitrogen, Carlsbad, CA, USA), finely cut into 1mm2 pieces, and digested in 0.25% (v/
v) Trypsin-EDTA solution (Gibco BRL, Life Technologies, Grand Island, NY, USA) at 37 °C for 1 h. Cells were subsequently washed
three times with donor cell culture medium (Dulbecco’s modified Eagle’s medium [DMEM, Gibco] supplemented with 15% [v/v] fetal
bovine serum [FBS, Gibco], 1% [v/v] L-glutamine, 1% [v/v] nonessential amino acids, and 1% [v/v] penicillin-streptomycin [P/S]),
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centrifuged at 1000 × rpm for 2min, and seeded into a 100-mm plastic dish (Becton Dickinson, Franklin Lakes, NJ, USA). Seeded
cells were subsequently cultured in donor cell culture medium at 37 °C in a humidified air atmosphere containing 5% CO2 for 10 to 14
days. Cells were passaged three times, then frozen in DMEM supplemented with 10% (v/v) FBS and 10% (v/v) dimethyl sulfoxide and
stored in liquid nitrogen. Cells were then thawed, cultured and passaged four to eight times until becoming confluent, then used for
cloning.

2.4. Oocyte collection and in vitro maturation (IVM)

Two- to four-year-old female domestic cats weighing ˜5 kg were used as embryo donors. Ovarian follicular development was
ensured in the donor cats by injecting 400 IU equine chorionic gonadotropin (eCG; Daesung, Seoul, Republic of Korea) and 100 IU
human chorionic gonadotropin (hCG; Daesung, Seoul, Republic of Korea) 4 days apart, as previously described (Jin et al., 2012).
Laparotomy was performed to access the ovaries at Gyeongsang National University Animal Medical Center. With use of general
anesthesia for desensitization of the animals, immature oocytes were aspirated with an 18 G needle attached to a 1mL syringe.
Collected oocytes were cultured for 4 h in in vitro maturation (IVM) medium (M199, M7528) supplemented with 10% (vol/vol) FBS,
1 μg/mL estradiol-17β, 10 μg/mL follicle-stimulating hormone (FSH), 0.6 mM cysteine, 0.2mM sodium pyruvate and 1% penicillin
G/streptomycin (P4333) at 38.5 °C in a humidified atmosphere of 95% air/5% CO2.

2.5. Nuclear transfer

Nuclear transfer was conducted as previously described (Yin et al., 2005) and all of glass pipettes (for enucleation and transfer)
was autoclaved and exposed to UV irradiation to prevent the contamination. At 4 to 5 h after the onset of oocyte maturation, cumulus
cells were completely removed from the cumulus oocyte complex (COCs) by gently pipetting in 0.1% bovine testicular hyaluronidase.
Denuded oocytes with an extruding first polar body were selected in TCM199 supplemented with 0.3% BSA. Using a micro-
manipulator (Narishige, Tokyo, Japan), meiotically matured oocytes were enucleated by removal of the first polar bodies and ad-
jacent ooplasm containing MII chromosomes. Enucleation was performed in TCM199 medium supplemented with 7.5 μg/mL cyto-
chalasin B. Following enucleation, nuclear donor cells were trypsinized with 0.05% trypsin-EDTA solution and placed in TCM199
enriched with 0.3% BSA. Prepared donor cells were immersed in Sendai Virus (SV; Cosmo Bio, Tokyo, Japan) solution for 1min
(Azuma et al., 2018). Briefly, approximately 30% of the cytoplasm derived from donor oocytes was co-delivered to the perivitelline
space of enucleated recipient oocytes using sub-zonal microinjection of single autologous (homoplasmic) cytoplasts together with
nuclear donor somatic cells to induce SV-mediated fusion of triple homoplasmic cytoplast-enucleated oocyte-somatic cell couplets
and to restore such a cytoplasmic volume that occurred before oocyte enucleation (Xu et al., 2019). The reconstructed oocytes were
fused via SV-mediated fusion, then incubated in modified synthetic oviduct fluid (SOF) medium for 2 h (Mesalam et al., 2018). After
fusion, the reconstructed oocytes were activated in 5mM ionomycin for 5min, then incubated in 2mM 6-dimethylaminopurine under
humidified conditions with 5% CO2, at 38.5 ℃ for 4 h.

2.6. In vitro culture of nuclear transfer embryos

After activation, the reconstructed oocytes were placed in SOF with bovine serum albumin (BSA), insulin-transferrin-sodium (ITS)
and epidermal growth factor (EGF) medium droplets (15–20 embryos/droplet) and covered with mineral oil at 38.5 °C in a humi-
dified atmosphere of 95% air/5% CO2. The culture medium was replaced every 48 h and cloned embryos were cleaved from fusion
after 2 days. The development of blastocyst competence was confirmed using a stereomicroscope (Olympus, Tokyo, Japan) 8 days
after fusion.

2.7. Synchronization of stage of estrous cycle of recipient females and embryo transfer

Cloned embryos were transferred into the oviducts of recipient cats. Embryo transfer was conducted as previously described (Yin
et al., 2007). The stage of the estrous cycle of the recipient cats was synchronized by injecting 200 IU eCG and 100 IU hCG, 4 days
apart. Reconstructed embryos at the one-cell stage after fusion were transferred into the oviducts of the estrous-synchronized females.
Recipient cats were pre-medicated with medetomidine (10 μg/kg; subcutaneous injection; Domitor, Orion Pharma, Espoo, Finland),
atropine (0.04mg/kg; subcutaneous injection; Jeil Pharmaceutical Co., Daegu, Republic of Korea), acepromazine (0.1mg/kg; sub-
cutaneous injection; Samu Med., Seoul, Republic of Korea), and cefazolin (25mg/kg, intravenous [IV] injection; Chong Kun Dang
Pharm Co., Seodaemun-Gu, Republic of Korea) before surgery. The cats were anesthetized using an IV administration of 2mg/kg
etomidate (B. Braun Melsungen AG, Melsungen, Germany). Anesthesia was maintained by administering 2.5% isoflurane, along with
oxygen, through an endotracheal tube. Saline solution was administered IV at 10mL/kg/h throughout the surgery. Cloned embryos
were loaded into a catheter to make a column with approximately 0.5 mL of medium, and 4–15 embryos per cat were surgically
implanted into four estrous-synchronized recipient cats (Fig. 1). Pregnancy was confirmed using ultrasonography (Xario® SSA-660A,
TOSHIBA, Hamamatsucho, Japan) around day 45, and pregnant cats were cared for in a separate room until natural birth of offspring.

2.8. Statistical analysis

Data are expressed as the means ± standard error of the mean (SEM) and were analyzed using one-way analysis of variance
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(ANOVA) in SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Duncan’s multiple range test was used to compare the groups. The probability of
P < 0.05 was considered significant.

3. Results

3.1. Comparison of preimplantation development with use of SCNT and CICT

There was assessment of the efficiencies of the reconstructed embryos and confirmation of the cleavage of cloned embryos at 48 h
and blastocyst developmental competence on day 8 of the culture period. With the used of CICT, fusion rate was greater than with use
of SCNT (80.0 ± 4.8% compared with 67.8 ± 11.3%; Table 1). The 8 to 16-cell embryos had similar developmental rates with use
of CICT and SCNT techniques (40.0 ± 4.0% compared with 44.0 ± 13.3%, respectively; Table 1). The percentage of cloned em-
bryos that developed to the blastocyst stage was not different between the CICT and SCNT group (20.0 ± 2.0% compared with
13.5 ± 5.0%; Table 1).

3.2. Production and confirmation of cloned kittens

Cloned embryos (n=62) derived with use of CICT techniques were transferred into five estrous-synchronized recipients, and 151
cloned embryos produced using the SCNT techniques were transferred to thirteen estrous-synchronized recipients. Three surrogate
mothers were confirmed pregnant after transfer of SCNT-derived embryos, and two recipients were confirmed pregnant after transfer
of CICT-derived embryos (2.6 ± 3.1% compared with 4.8 ± 2.3%, respectively) at 45 days from the time of initiation of embryo
culturing (Table 2). There was birth of one live-born SCNT-derived kitten and three live-born CICT-derived kittens from surrogate
queen cats (0.7 ± 1.3% compared with 4.8 ± 2.3%, respectively; Table 2). Of the three CICT-derived kittens, two were healthy and
had normal behavior patterns, while one was weak and died within a few hours of birth (Fig. 2a). One initially healthy kitten later
died due to insufficient management of nourishment by the surrogate queen (Fig. 2b). One CICT-derived kitten has remained healthy
for about 1 ½ years and continues to be physically active with no indications of any abnormalities (Fig. 2c).

4. Discussion

Efforts have been focused on cloning of cats; however, the efficiency of production of SCNT-derived offspring has continued to be

Fig. 1. Oocyte recovery and embryo transfer; Laparotomy and ovarian access of the donor and recipient (A–C, G–I); Oocyte aspiration in the donor
(D–E); Abdominal sutures (F); Cloned embryo loading and transfer to the oviduct of the recipient (J–K) and abdominal sutures (L).

Table 1
In vitro development of cloned embryos using different methods.

Groups No. of cloned oocytes No. (%) of fused embryos* No. (%) ≥ 2–4 cell embryos** No. (%) ≥ 8–16 cell embryos** No. (%) of blastocysts***

SCNT 87 59 (67.8 ± 11.3)a 43 (72.8 ± 7.9) a 26 (44.0 ± 13.3) a 8 (13.5 ± 5.0) a

CICT 25 20 (80.0 ± 4.8) a 11 (55.0 ± 0.5) a 8 (40.0 ± 4.0) a 4 (20.0 ± 2.0) a

a,bValues with different superscripts in the same column differ (P < 0.05).
Data are expressed as the mean ± standard error of the mean (SEM).
* Fusion rates were calculated based on the number of cloned oocytes.
** Cleavage rates were calculated based on the number of fused embryos for SCNT and CICT.
*** Blastocyst development rates were calculated based on the number of fused embryos for SCNT and CICT.
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less than desired since the initial report of the birth of Dolly in 1996 (Campbell et al., 1996). To overcome this cloning inefficiency,
several techniques, such as nuclear staining and handmade cloning techniques have been developed. With handmade cloning,
however, zona-free embryos can easily be damaged during handling (Verma et al., 2015).

The CICT technologies were developed to overcome the shortfalls of traditional cloning methods (Xu et al., 2019). With use of the
CICT technologies, there can be restoration of the cytoplasmic volume of enucleated oocytes without removing the zona pellucida and
by retaining the zona pellucida there is protection from toxic substances in culture media compared with the use of handmade cloning
methods. In addition, with the use of the CICT method the cytoplasm of one enucleated donor oocyte is transferred to three en-
ucleated recipient oocytes. The CICT procedure is more efficient and effective for animals with which it is difficult to obtain oocytes.
The CICT cloning technology was used for cats in the present study to enhance embryo development and production of viable
offspring (Table 3).

Major factors in the efficiency of producing cloned embryos are oocyte quality, cell conditions, gene expression and methylation.
Among these, reprogramming factors (gene expression and methylation) are very important when cloning is being attempted.
Reprogramming factors are highly related to cytoplasmic volume (Beyhan et al., 2007; Hua et al., 2011; Liu et al., 2018). In a
previous study where there was reconstruction of cytoplasmic volume, there were indications that fusion, cleavage and blastocyst
formation rates were greater after using CICT than after using traditional cloning methods (Xu et al., 2019). Additionally, the
expression of methylation-related genes, including DNMT 1, DNMT 3a and DNMT 3b, in CICT-derived embryos was greater than that

Table 2
Birth of cloned embryos using different methods.

Groups No. of cloned
oocytes

No. (%) of fused
embryos*

No. of transferred cloned
embryos / recipients

No. (%) of implanted
fetus**

/ recipients

No. (%) of cloned offspring from
transferred embryos***

SCNT 254 173 (68.1 ± 6.0)a 151 / 13 4 (2.6 ± 3.1) a / 3 1 (0.7 ± 1.3)a

CICT 104 74 (71.2 ± 9.9)a 62 / 5 3 (4.8 ± 2.3) a / 2 3 (4.8 ± 2.3)b

a,bValues with different superscripts in the same column differ (P < 0.05).
Data are expressed as the mean ± standard error of the mean (SEM).
* Fusion rates were calculated based on the number of cloned oocytes.
** Implantation rates were calculated based on the number of transferred cloned embryos for SCNT and CICT.
*** Cloned offspring rates were calculated based on the number of transferred cloned embryos for SCNT and CICT.

Fig. 2. Birth of cloned offspring after use of CICT for embryo production; (A)Weak kitten that died within a few hours of delivery, (B) Healthy kitten
that died due to insufficient management by the surrogate mother, (C) Healthy kitten is still alive with no physical problems.
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when embryos were derived using traditional cloning technologies, indicating that with restoration of the cytoplasmic volume there
is an increase in the demethylation of genes and reprogramming efficiency.

Feline cloning continues to be inefficient. To increase feline cloning efficiency, CICT was used in the present study to produce
cloned embryos. The results indicated that with CICT-derived cat embryos, the fusion and blastocyst formation rates were greater
than with use of traditional methods. These results indicate that adding cytoplasm contents into the enucleated cytoplasm led to an
increased fusion rate, and in the donor cytoplast there was an enhanced adhesion between the enucleated oocytes and donor cells,
and that the restored cytoplasm affected feline embryo development. As most embryos were used for embryo transfer to determine
developmental competence, the numbers used in the in vitro study were insufficient for determining statistical differences. In previous
studies, however, it has been reported that the cytoplasmic volume affected embryo development (Ribeiro et al., 2009; Panda et al.,
2011). Furthermore, embryo development was related to amount of methylation (Kang et al., 2003; Reik et al., 2001), and the
cytoplasmic volume affected epigenetic embryo reprogramming (Hua et al., 2011; Liu et al., 2018; Xu et al., 2019).

The CICT technique has been adapted for both in vitro development and for producing kittens. Results of previous studies in-
dicated offspring birth rates were very low, which is consistent with results in other mammalian species (Lagutina et al., 2007; Wei
et al., 2013). Birth rates using CICT were greater than with use of SCNT. With use of SCNT, the rates of fetal implantation were less
than those with use of CICT and most fetuses died or were aborted during the gestation period, while there was one birth in the
present study. With all CICT-derived fetuses for which there was implantation, there was birth of normal fetuses at the expected dates
for these births. The data indicate that the restored cytoplasm positively affected the birth rate; however, further study is needed to
validate the findings in the present study.

With the use of the CICT techniques, the cytoplasm of donor oocytes is artificially injected into the perivitelline space of enucleated
oocytes. Because of imposing this methodology, some cloned embryos have heteroplasmy, which is characterized by the presence of
more than one mitochondrial DNA (mtDNA) type within the embryo. Results of a previous study indicated that mtDNA heteroplasmy
was related to a mitochondrial disease in humans (Wallace and Chalkia, 2013). Furthermore, mtDNA heteroplasmy was associated with
a lesser physical activity, food intake and cognitive impairment in mice (Lane, 2012; Sharpley et al., 2012). To avoid mtDNA het-
eroplasmy in the present study, the homoplasmy state was induced by simultaneous sub-zonal microinjection of single nuclear donor
somatic cells (NDSCs) and autologous (homoplasmic) cytoplasts derived from the same oocyte/NDSC donor female cat into the peri-
vitelline space of enucleated oocytes and there was subsequent SV-mediated fusion of triple complexes comprised of such homoplasmic
cytoplasts, enucleated oocytes and somatic cells. The birth rate results were that two of the three kittens were healthy and physically
and behaviorally normal, but one kitten was weak with a small body size. The reason for the weak kitten development requires further
study. Furthermore, cloned embryo studies involving homoplasmy and heteroplasmy in cats are needed for successful cloning.

5. Conclusions

In conclusion, the results of the present study indicate the use of CICT resulted in restoration of the cytoplasmic volume of
reconstructed embryos and improved the production of kittens from cloned cat embryos. The results of this study may assist in
producing cloned animals, especially for transgenic and endangered cats.
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Table 3
In vivo development of embryos cloned using CICT in cats.

Recipients (R) No. of CICT cloned embryos transferred Pregnancy Delivery (%) / at Days Current status

R1 18 Yes 2 (11.1) / 66, 2 Live born* 2 Dead**

R2 9 No
R3 9 No
R4 14 Yes 1 (7.14) / 65, 1 Live born 1 Live
R5 12 No
Total 62 3 3 (4.8)

* After birth, one kitten was weak, while one kitten was healthy.
** The weak kitten died within a few hours of delivery, and the healthy kitten died due to insufficient management of nourishment by the

surrogate mother.
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