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ABSTRACT Somatic cell nuclear transfer derived embryonic stem cells (NT-ESCs)
have significant advantages in various fields such as genetics, embryology, stem cell
science, and regenerative medicine. However, the poor establishment of NT-ESCs
hinders various research. Here, we applied fasudil, a Rho-associated kinase (ROCK)
inhibitor, to develop somatic cell nuclear transfer (SCNT) embryos and establish NT-
ESCs. In the study, MIl oocytes were isolated from female B6D2F1 mice and performed
SCNT with mouse embryonic fibroblasts (MEFs). The reconstructed NT-oocytes were
activated artificially, and cultured to blastocysts in KSOM supplemented with 10 uM
fasudil. Further, the blastocysts were seeded on inactivated MEFs in embryonic stem
cell medium supplemented with 10 uM fasudil. A total of 26% of embryos formed
into blastocysts in the fasudil treated group, while this ratio was 44% in the fasudil
free control group. On the other hand, 30% of blastocysts were established NT-ESCs
after exposure of fasudil, which was significantly higher than the control group (10%).
The results suggest that fasudil reduced blastocyst development after SCNT due to
inhibition of 2 cell cleavage while improved the establishment of NT-ESCs through the
anti-apoptotic pathway.
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INTRODUCTION

Embryonic stem cells (ESCs) can proliferate infinitely
and able to differentiate into all cell types (Ying et al.,
2008). Among them, pluripotent stem cells (PSCs) derived
from somatic cells via nuclear transfer (NT-ESCs) provide
a generation of autologous stem cells. The first success on
NT-ESCs was reported in a bovine model and subsequent-
ly in mouse models (Kawase et al., 2000). Finally, human
NT-ESCs were successfully developed (Tachibana et al.,
2013). Today, human NT-ESCs are vital resources for pa-
tient-specific regenerative medicine to treat degenerative

disorders such as diabetes, osteoarthritis, and parkinson’s
disease, without causing immune rejection because they
have the same genetic information with the donor (Pole-
jaeva and Campbell, 2000). Since NT-ESCs appear to have
similar pluripotent characteristics such as transcription,
genetics, epigenetics, differentiation, and self-renewal
ability as those of conventional ESC lines, which were de-
rived from embryos produced by fertilization (Roh, 2012;
Ma et al., 2014), they are used effectively in broad fields
such as genetics and embryology. However, until now, the
rates for the development of NT-blastocysts from recon-
structed embryos and the establishment of NT-ESCs are
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relatively low (Zhao et al., 2007)

The rho-associated kinase (ROCK) activates phospho-
myosin light chain (pMLC), which contracts intracellular
actomyosin and is known to induce apoptosis in various
cells (Amano et al., 2010). Hence, the ROCK inhibitors,
especially Y-27632, is widely used in the field of PSCs,
including ESCs, NT-ESCs, and induced pluripotent stem
cells (iPSCs) for increasing survival and proliferation
(Watanabe et al., 2007). Fasudil is another ROCK inhibi-
tor, which has been approved for clinical use and already
used in Japan for the prevention of cerebral vasospasm
after subarachnoid hemorrhage (Liu Guang Jian et al.,
2012). It also suppresses the ROCK signal and increases
the survival of many types of cells (Cavallini et al., 2003;
Chen Meihui et al., 2013), and has been using in various
cellular research such as culture of neural stem cells, dif-
ferentiation of bone marrow mesenchymal stem cells into
neuron-like cells, and cardiac differentiation of human
pluripotent stem cells (Chen Shu et al., 2015; Cheng et
al., 2015; Hu et al., 2019). However, fasudil had not been
used in embryo research. In the present study, we inves-
tigated the effectiveness of fasudil in the development of
the embryo into blastocysts and the establishment of NT-
mESCs.

MATERIALS AND METHODS

Ethics and governance

Experiments on live vertebrates were performed in com-
pliance with institutional regulations of the Asan Institute
for Life Sciences and were approved Asan Institutional
Animal Care and Use Committee (IACUC: 2018-12-269).
All experiments were performed in accordance with rel-
evant guidelines and regulations.

Treatment of fasudil

The developmental phases divided into two groups,
phase 1: from NT-oocyte to blastocyst stage and phase 2:
from blastocyst to NT-ESC stage. For the investigation of
effectiveness, fasudil was added to the culture medium at
a concentration of 10 uM during all developmental phases
from NT to mESC based on the previous reports (Watanabe
et al., 2007; So et al., 2019).

Preparation of nuclear donor cells
Isolation of mouse embryonic fibroblasts (MEFs) was
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performed as previously described (Kang et al., 2014).
MEFs were cultured with DMEM/F12 (Life Technologies)
supplemented with 10% fetal bovine serum (FBS, Gibco),
2 mM glutamine (Life Technologies), 0.1 mM nonessential
amino acids (Life Technologies), 0.1 mM 2-mercapto-
ethanol (2-ME, Sigma-Aldrich), 100 U/mL penicillin, 100
mg/mL streptomycin (GE Life Science) and 10 uM fasudil
(Adooq) on gelatin-coated culture plates. The medium
was changed once every three days.

mESCs were cultured using mES medium; KODMEM
supplemented with 20% Knockout Serum Replacement
(KSR; Life Technologies), 1000 U/mL leukemia inhibitory
factor (LIF; Millipore), 3 uM CHIR99021 (Peprotech), 0.5 uM
PD0325901 (Peprotech), 2 mM glutamine, 0.1 mM nones-
sential amino acids, 0.1 mM 2-ME, 100 U/mL penicillin,
and 100 mg/mL streptomycin on MEF feeder cells coated
plates.

Collection of oocytes

Oocytes were collected from 6- to 8-week-old female
B6D2F1 mice. For ovulation induction, 5 IU/mL pregnant
mare serum gonadotropin (PMSG, Daesung Microbiologi-
cal Labs. Co.) was injected into the abdominal cavity of
female B6D2F1 mice (Leyva et al., 1998). After injection
of PMSG (50 hrs), we injected 5 IU/mL human chorionic
gonadotropin (HCG, Daesung Microbiological Labs. Co.)
to the mice (Kang et al., 2014). Then, the mice sacrificed,
and oviducts were isolated 13 hrs after HCG injection.
Cumulus-oocyte complexes were collected from oviduct
using 26 gauge syringe (Korea Vaccine Co.) and trans-
ferred to a medium containing 0.1% hyaluronidase for
dissociation of cumulus cells. Oocytes that were detached
from cumulus cells were rinsed and incubated in KSOM
(Millipore) at 37°C in 5% CO, before use.

Somatic cell nuclear transfer (SCNT)

MII oocytes from female B6D2F1 mice were placed into
separate 10 pL manipulation droplets of FHM medium
containing 5 pg/mL cytochalasin B (CCB; Sigma-Aldrich)
and 1.25 mM caffeine (Sigma-Aldrich), in a glass-bottom
dish. Donor cells were detached using 0.25% trypsin/
EDTA (Gibco) and resuspension in phosphate-buffered
saline (PBS; Hyclone). Drops were covered with tissue
culture oil and placed on the stage of the microscope
(Nikon) with micromanipulators (Narishige), and a laser
objective (Hamilton Thorne). The oocyte was fixed using
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a holding pipette, placing the spindle close to 5 o’clock
position. The zona pellucida near the spindle was drilled
with a laser, and an enucleation pipette was inserted to
remove the spindle. After removing the spindle, the dis-
sociated donor cell was mixed with HVJ-E Sendai virus
(GenomONE™) and injected to enucleated oocyte using
the enucleation pipette (Kang et al., 2014).

Artificial activation of oocytes and embryo culture

NT-oocytes were transfer droplets of activation medium
supplemented with 10 mM SrCl,, 500 nM scriptaid, and
5 pug/mL CCB, in the presence or absence of 10 pM fa-
sudil diluted in dimethyl sulfoxide (DMSO; Sigma-Aldrich)
(Moon et al., 2017). After cultured for 5 hrs at 37°C in 5%
CO,, pseudo pronuclei (PN) formed oocytes were trans-
ferred to KSOM supplemented with or without 10 uM fa-
sudil, and incubated at 37°C in 5% CO,.

Establishment of NT-mESC lines

Acid Tyrode’s (AT) solution was used for the removal of
zona pellucida as the assistance of blastocyst hatching
on the assigned embryos (Neev et al., 1993). Blastocysts
were transferred to AT solution drop on a petri dish. After
zona pellucida disappeared completely, blastocysts were
transferred to the mES medium drop for washing. Then,
blastocysts were seeded on MEF coated 4-well plates filled
with mES medium treated with or without fasudil (Tsung
and Mummery, 1990). At this time, blastocysts divided
into two groups according to inner cell mass quality and
trophectoderm quality following criteria of the Gardner
blastocyst grading system (Gardner et al., 2000). Also, the
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grouped cells divided into subgroups as, Inner cell mass
quality; A: many cells, tightly packed, B: several cells,
loosely grouped, C: very few cells, and Trophectoderm
quality; A: many cells, forming a cohesive layer, B: few
cells, forming a loose epithelium, C: very few large cells.

Statistical analysis

The p-value for statistical comparisons between the
groups was calculated using Fisher’s extract test. Prism 5
software (GraphPad) was used for the calculation of sig-
nificance.

RESULTS

Effects of fasudil on NT-embryo development

To determine the effectiveness of fasudil in the develop-
ment of NT-embryo, we treated 10 uM fasudil to embryo
culture medium after SCNT (Fig. 1). SCNT was performed
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Fig. 1. Experimental design. Fasudil has treated two developmen-
tal stages. Phase 1: from reconsented NT-oocyte to blastocysts;
Phase 2: seeded blastocysts on the MEFs. NT; nuclear transfer,
MEF; mouse fetal fibroblast.
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Fig. 2. The number of embryo development after SCNT. In the control group (without fasudil), 45 NT oocytes were used, and 20 blasto-
cysts were formed (44%), while 53 blastocysts were developed from 207 NT embryos with fasudil supplementation (26%). Fasudil rather
reduced blastocyst development. SCNT; somatic cell nuclear transfer, NT; nuclear transfer, PN; pseudo pronucleus, mESCs; mouse em-

bryonic stem cells.
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Fig. 3. Developmental rate of SCNT embryos. Fasudil treated
embryos tended to show lower development rates than un-
treated controls at each stage except 4 cell stages. Especially,
2 cell cleaved rate was significantly lower (98/207 vs. 29/45).
Development (%) was calculated based on the number of em-

using MEFs, and NT-oocytes which were parthenogeneti-
cally activated by activation medium supplemented with
CCB. After activation, oocytes with PN were selected and
cultured. A total of 45 oocytes in the fasudil free control
group and 207 oocytes in the fasudil treated group were
performed. In the control group, 20 of 45 NT-embryos
developed to blastocysts (success rate 44%), but only 53 of
207 NT-embryos (success rate 26%) developed to blasto-
cysts when treated with fasudil (Fig. 2). After fasudil was
treated, the rate of 2 cell cleavage was significantly lower
than the control while it did not affect the development
up to morula/blastocyst (Fig. 3). These results suggest that
fasudil is not suitable for use in embryo development.

Fasudil increases the establishment of NT-mESCs
Although fasudil negatively affects the embryo develop-

ment into blastocysts, the rate of establishing mESCs from

blastocysts could be improved. To investigate the effec-

bryos developed at the previous stage of each stage (*p < 0.05;
versus control). Statistical significance (p-value) was calculated
using Fisher’s exact test. SCNT; somatic cell nuclear transfer.

tiveness of fasudil, the zona pellucida of the blastocysts
was removed using AT solution and seeded on the MEF
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Fig. 4. Improvement of NT-ESC establishment rate by fasudil treatment. (A) Generally, bad-quality SCNT-blastocysts were not established
ESCs. Bad quality blastocyst caused apoptosis when transferred to MEF without fasudil treatment. The blastocysts were divided into good
and bad blastocysts according to the following criteria of the Gardner blastocyst grading system: Inner cell mass quality; A: many cells,
tightly packed, B: several cells, loosely grouped, C: very few cells, Trophectoderm quality; A: many cells, forming a cohesive layer, B:
few cells, forming a loose epithelium, C: very few large cells. (B) NT-mESC morphology derived from bad- and good-quality blastocysts,
mESCs derived from bad-quality blastocysts were identical to the morphology of mESCs derived from good-quality blastocysts. Scale bar
=100 um. (C) Efficiency of NT-mESCs establishment with or without fasudil. Fasudil increased the establishment rate of NT-mESCs (16/53
vs. 2/20) (*p < 0.05, versus control). Statistical significance (p-value) of the results were calculated using Fisher’s exact test. NT-mESCs;
nuclear transfer mouse embryonic stem cells.
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feeder cells. In the process, the blastocysts were divided
into two groups ased on their quality.

The good-quality blastocysts, which graded as AA and
AB, were established mESCs regardless of fasudil treat-
ment, but small and bad-quality blastocysts, graded as
BA, BB, BC, CB, and CC, were established mESCs rarely in
the absence of fasudil. The bad-quality blastocysts have
undergone apoptosis following transfer onto MEF coated
culture plates without fasudil (Fig. 4A). On the other
hand, the fasudil treated bad-quality blastocyst developed
to NT-mESCs, which is identical in morphology to the
dome shape of NT-mESCs derived from the good-quality
blastocyst (Fig. 4B). When fasudil was treated to the cul-
ture medium, 30% (16/53) of the blastocysts developed
to mESCs, but only 10% (2/20) of the untreated group’s
cells survived (Fig. 4C). In summary, fasudil significantly
increased the establishment of NT-ESCs from the blasto-
cysts in the mouse.

DISCUSSION

The ESCs are useful tools for a variety of studies such
as regenerative medicine, embryology, and drug develop-
ment. However, the embryos derived from nuclear trans-
fer have low developmental potency to ESCs due to many
factors such as “2-cell block’ and apoptosis. Among them,
‘“2-cell block’ is reported to occur more in NT-embryo
than in normal embryos (Gao et al., 2003; Wakayama,
2003). Also, ESCs derived from in vitro fertilized (IVF)
embryos have limitations in therapeutic studies because
they are genetically divergent from the patient (allogenic).
SCNT-derived ESCs, on the other hand, can be used for
various studies because they are identical to the genotype
of the patient.

The first introduced ROCK inhibitor Y-27632 is widely
used in the field of PSCs as a result of its ability to in-
crease the proliferation of various cell types by prevent-
ing apoptosis. However, the synthesis of Y-27632 consists
of seven stages, and the overall yield is only 45%, which
leads to a rise in product prices. (Pale¢ek et al., 2011). In
addition, chiral molecules such as Y-27632 do not recom-
mend for the development of drugs due to the formation
of an isomeric structure that can cause unpredictable side
effects such as abnormality. On the other hand, since the
Y-27632, there are various ROCK inhibitors were discov-
ered, such as fasudil, ripasudil, and RKI-1447 (LIU Ai-jun

et al., 2011). Among them, fasudil also increases the sur-
vival of many types of cells (Cavallini et al., 2003; Chen
Meihui et al., 2013) and approved for clinical use in Japan
and China (LIU Ai-jun et al., 2011; Liu Guang Jian et al.,
2012).

Hence we were expecting that fasudil might have posi-
tive effects at the overall developmental stages up to the
NT-mESC. However, contrary to the hypothesis, our find-
ings showed that fasudil has different effects on embryos
according to developmental stages. It negatively affected
the preimplantation embryo development in vitro because
the cleavage rate was reduced at the 2 cell stage. On the
other hand, there was no difference between the groups
at the 4 cell, 8 cell, and morula/BL stages. It is known
that the PI3 kinase/AKT pathway must be activated for
development during the zygote to 2 cell stage (Jin et al.,
2009), and ROCK is known to activate the AKT pathway
by inducing the activation of PI3 kinase (Jiao et al., 2017).
When fasudil inhibits ROCK, it also causes inhibition on
the AKT pathway. Through this mechanism, fasudil might
induce to decline in the development of NT-zygotes.

Additionally, the effect of fasudil on NT-mESC es-
tablishment investigated at the stage from blastocyst
to mESCs. In this stage, we divided the blastocysts into
a group of the good-quality blastocysts with Gardner
grades AA and AB, and a group of the bad-quality blasto-
cysts with BA, BB, BC, CB, and CC grades (Gardner et al.,
2000). Under normal conditions, bad-quality blastocysts
are not able to survive and develop into mESCs because of
apoptosis, but after the treatment of fasudil, a significant
number of bad-quality blastocysts survived and devel-
oped into mESCs. Furthermore, the rate of establishment
from good-quality blastocysts to mESCs was also higher
when supplemented with fasudil. During the develop-
ment of mESC from blastocysts, apoptosis is induced by
the ROCK signal, and fasudil increases the survival of
mESCs by inhibiting ROCK signal (Coleman et al., 2001).
In the process of NT-ESC establishment, the zona pel-
lucida of blastocysts in AT solution should be removed,
and ICM of blastocyst should be transferred to ESC media.
This process might be noticeably stressful for blastocysts.
However, our study showed that fasudil might play a role
in protecting blastocyst from various stresses that cause
apoptosis.
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CONCLUSION

To determine the possible utilization of fasudil in the
developmental stage of the embryo after SCNT, we per-
formed NT using hormonal ovulated MII oocytes and
MEFs and added fasudil to the culture of embryos after
parthenogenetic activation. The fasudil negatively affect-
ed the rate of development up to the blastocyst. However,
in the stage from blastocysts to mESCs, it significantly
increased the rate of mESC establishment. These results
suggest that fasudil might not be suitable for the preim-
plantation embryo development, but it has effects on en-
hancing mESC establishment from blastocysts.
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