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Abstract

The essence of the reprogramming activity of somatic cell nuclear transfer (SCNT) embryos is to produce
normal fertilized embryos. However, reprogramming of somatic cells is not as efficient as the reprogramming of
sperm. In this report, we describe the effect of an inducible, specific miR-34 microRNA expression in donor
cells that enables a similar level of sperm:transgene expression on the early development of SCNT embryos.
Our results showed that donor cells with doxycycline (dox)-induced miR-34c expression for the preparation of
SCNT embryos resulted in altered developmental rates, histone modification (H3K9ac and H3K4me3), and
extent of apoptosis. The cleavage rate and blastocyst formation of the induced nuclear transfer (NT) group were
significantly increased. The immunofluorescence signal of H3K9ac in embryos in the induced NT group
significantly increased in two-cell- and eight-cell-stage embryos; that of H3K4me3 increased significantly in
eight-cell-stage embryos. Although significant differences in staining signals of apoptosis were not detected
between groups, lower apoptosis levels were observed in the induced NT group. In conclusion, miR-34c
expression induced by dox treatment enhances the developmental potential of SCNT embryos, modifies the
epigenetic status, and changes blastocyst quality.

Introduction

Transferring somatic cell nuclei into enucleate oo-
cytes using the somatic cell nuclear transfer (SCNT)

technique could promote various reprogramming events, in-
ducing the thermally differentiated epigenetic pattern to
change into an embryonic one and even causing the generation
of live offspring after embryo transfer. Since the birth of the
first cloned animal Dolly in 1996 (Campbell et al., 1996),
significant efforts to improve the efficiency of SCNT have
been undertaken. Each step of this technique has been inves-
tigated, and the effects of selection of the nuclear donor cell
and recipient oocytes (Kato et al., 2000; Miyoshi et al., 2003),
improvement of the conditions of oocyte activation and em-
bryo culture (Chung et al., 2002; Wakayama et al., 2003), and
treatment of the donor cell or reconstructed oocyte with epi-
genetic modification drugs (Kishigami et al., 2006) have been
studied. However, the success of SCNT is still disappointingly

low, which indicates that some key factors influencing the
development of SCNT embryos have yet to be uncovered.

The current view on fertilization is that the main function
of the sperm is to carry male DNA into egg cells and acti-
vate the fertilized oocytes. Numerous studies, however, have
recently demonstrated that a wide range of RNA molecules,
including messenger RNA (mRNA), transfer RNA (tRNA),
small noncoding RNA, small interfering RNA (siRNA),
and microRNA (miRNA), can be found in mature sperm
(Amanai et al., 2006) and delivered into the oocyte during
fertilization (Ostermeier et al., 2004). Some of these RNA
molecules remain stable until embryonic genome expression
is initiated, which indicates that some of them have an im-
portant role in zygotic gene activation and embryo devel-
opment. The role of these sperm-derived RNA molecules,
however, is incompletely understood.

miRNAs are a class of short (18–25-nucleotides) noncod-
ing RNAs that bind to partially complementary sequences in
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mRNAs. These RNAs induce target mRNA translational si-
lencing (incomplete match) and/or degradation (perfect
complementarity), both of which result in downregulation of
the protein encoded by the mRNA (Bartel, 2004). Some
specific miRNAs have a key function reprogramming; miR-
34 miRNA, for example, helps control embryonic stem cell
(ESC) differentiation (Lin et al., 2005). However, miR-34c
knockout mice enhance reprogramming by a lesser degree of
repression of pluripotency genes, including Nanog, Sox2 and
N-Myc (Choi et al., 2011). A recent study in mouse showed
that miR-34c is an miRNA expressed specifically in sperm
and necessary for the development of embryos, especially for
cleavage of the fertilized embryos (Liu et al., 2012). Thus, we
sought to determine whether or not the lack of miR-34c in
donor cells is a key factor influencing the early development
of bovine SCNT embryos. If yes, improving the expression of
miR-34c in the donor cells to levels similar to that in sperm to
enhance the development and reprogramming efficiency of
SCNT embryos is a worthwhile research subject.

To address these issues, we adopted an inducible ex-
pression system of miR-34c used for donor cells; this system
is called the Tet-On 3G System. Fan et al. (2012) used the
Tet-On 3G response element promoter driving firefly lucif-
erase to transduce blastocysts. Klymiuk et al. (2012) used
the binary Tet-On System in combination with the SCNT
technique to generate pig models with inducible transgene
expression. This system, however, has been extensively
tested in donor cells for nuclear transfer (NT) to prepare
cloned embryos. The Tet-On 3G System is sensitive to
doxycycline (dox) and precisely controls gene expression
(Clontech, Mountain View, CA, USA). Tet-On 3G binds
specifically to the TRE3G promoter and activates the tran-
scription of the downstream precursor miR-34c only after
dox is applied in the donor cell culture process (Fig. 1A). In
the absence of dox, nearly nonexistent induced expression is
observed because the TRE3G promoter lacks binding sites
for endogenous mammalian transcription factors.

Successful nuclear reprogramming from a somatic state to
an embryonic one is a key event in SCNT (Hochedlinger
and Jaenisch, 2006). The nuclear reprogramming process

mainly involves various epigenetic modifications wherein
specific histone modifications are removed from the chro-
matin template and new marks are placed onto different
regions of chromatin to facilitate expression of the embry-
onic genome (Li, 2002). Hence, we used the immunostaining
method to examine the acetylation levels of histone H3K9
(H3K9ac) and trimethylation levels of H3K4 (H3K4me3). We
further assessed the quality of embryos using the terminal
dexynucleotidyl transferase (TdT)-mediated deoxyuridine
triphosphate (dUTP) nick end labeling (TUNEL) assay. In
this work, the following groups were tested: In vitro–fertilized
embryos (IVF group), dox-induced/treated SCNT embryos
(induced NT group), and no dox-induced/treated SCNT em-
bryos (control NT group).

Materials and Methods

Construction and validation of the Tet-On 3G vector

The pre-miR-34c sequence (bovine precursor microRNA-
34c) derived from miRBase completed gene synthesis and
was connected to the KpnI–PstI sites of the PUC57 vector
produced by GenScript Co. (Nanjing, China). Double en-
zyme digestion and recycling yielded the pre-miR-34c
fragment, which was inserted into the MCS-2 site of the
pTRE3G-BI vector. MCS-1 on the right side of pTRE3G-BI
was replaced with the enhanced green fluorescent protein
(eGFP) sequence (BamHI—NotI sites) derived from
pd1EGFP-N1 (Clontech, Mountain View, CA, USA) (Fig.
1A). High-quality plasmid DNA was isolated (PureYield
Plasmid Midiprep, Promega, Madison, WI, USA) for cell
transfection, and a small portion of plasmid was used for
sequencing by GenScript Co.

Cell culture, transfection, and selection

Primary fibroblast cell cultures were established from
approximately 35-day-old fetuses, as described previously
(Liu et al., 2013). Briefly, after the head and viscera were
removed, the remaining tissue was rinsed several times with
phosphate-buffered saline (PBS) and minced into 1 mm3

FIG. 1. Preparation process and validation of donor cells. (A) The Tet-On 3G Inducible Expression Systems has two
elements: (1) Regulator plasmid pEF1a-Tet3G vector and (2) response plasmid pTRE3G-BI vector. (B) Relative expression
levels of miR-34c in sperm, fibroblasts, and oocytes as determined by qRT-PCR. (C) Relative expression levels of miR-34c
in sperm, dox-induced/treated fibroblasts, and no dox-induced/treated fibroblasts. D,D-a (magnification, 40 · ) and D,D-b
(magnification, 100 · ) are the same G418-resistant colonies. D-a1 is the bright-field view of D-a2; D-b1 is the bright-field
view of D-b2. Values with different superscript letters (a, b) within groups indicate significant difference ( p < 0.05).
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pieces. The tissue pieces were cultivated for 1–2 weeks in
60-mm Petri dishes with Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, New York, NY, USA) containing
10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA),
100 U of penicillin, and 250 ng of amphotericin B (Gibco) at
37�C in 5% CO2. When fibroblast cells from the tissue
pieces had reached 90% confluency, they were treated with
0.5 mL of TE buffer (0.25% trypsin/0.05% EDTA) and
passaged 1:2 or 1:3. The cells were then trypsinized and
frozen in 50% FBS, 40% medium, and 10% dimethyl sulf-
oxide (DMSO; Sigma, St. Louis, MO, USA) for long-term
storage and future use. When needed, cells were thawed and
grown in DMEM/F12 (Gibco) medium supplemented with
15% FBS and incubated at 37�C in a 5% CO2 atmosphere.
At 70–80% confluency, cells were harvested by trypsiniza-
tion and resuspended in 2 mL of Opti-MEM (Gibco).

The cells were placed in a 4-mm cuvette gap with 10 lg
of the pTRE3G-BI response plasmid (Amp-pre-miR-34c-
pTRE3G-BI-eGFP) and 5 lg of the pEF1a-Tet3G regulator
plasmid and then electroporated at 510 V with three pulses
of 1-msec duration using a BTX Electro Cell Manipulator
ECM2001 (BTX Harvard Apparatus, San Diego, CA, USA).
Electroporated cells were mixed with fresh cell culture
medium and placed on 90-mm Petri dishes at an average
density of 5 · 105 cells. After 48 h, the culture medium in the
Petri dishes containing 700 mg/mL G418 (Sigma) was
changed and replaced once every 3 days. Approximately 7
days later, G418-resistant colonies began to emerge and dox
was added at a dosage of 1000 ng/mL. When the colonies
had become large enough to transfer, we used a marker pen
to indicate fluorescent colonies, harvested large, healthy
colonies, and transferred each colony into separate wells of
a 48-well plate. The colonies were cultured in 500 lg/mL
G418. When confluent, cells from each well were split into
three wells of a 48-well plate for further validation of the
expression of nuclear donor cells.

Oocyte collection and in vitro maturation

Oocyte collection and in vitro maturation (IVM) were
performed using standard techniques (Wang et al., 2011).
Briefly, cumulus–oocyte complexes (COCs) were obtained
by aspiration (a 12-gauge needle attached to a 10-mL sy-
ringe) of surface-visible follicles (diameters between 2 and
8 mm) from the ovaries of slaughtered bovine. After the
COCs had been washed twice in PBS containing 5% (vol/
vol) FBS, oocytes surrounded by a minimum of three cu-
mulus cell layers and with uniform cytoplasm were selected.
The COCs were the cultured for 20 h in bicarbonate-
buffered Tissue Culture Medium-199 (TCM-199, Gibco)
containing 10% (vol/vol) FBS, 1 mg/mL 17b-estradiol, and
0.075 IU/mL human menopausal gonadotropin in 95% hu-
midified air with 5% CO2 at 38.5�C.

Preparation, activation, and culture of SCNT embryos

SCNT, activation of reconstructed embryos, and culture
of SCNT embryos were performed as described previously
(Wang et al., 2011). Briefly, after IVM for 20 h and dispersal
of the COCs by vortexing of the cumulus cells in PBS
supplemented with 0.1% bovine testicular hyaluronidase,
oocytes with the first polar body (metaphase II) and evenly
granulated ooplasm were selected for enucleation. The first

polar body and a small amount of the surrounding cytoplasm
were removed from the oocytes with a glass pipette (inner
diameter, 20 mm) using PBS microdrops supplemented with
7.5 mg/mL cytochalasin B and 10% FBS. Two groups of
cells (with dox and without dox) were used as donor cells. A
single donor cell was placed in the perivitelline space of the
enucleated oocytes. The oocyte–cell couplet was sand-
wiched between a pair of platinum electrodes connected to a
micromanipulator with microdrops of Zimmermann’s fusion
medium. A double electrical pulse of 35 V for 10 lsec was
applied for oocyte–cell fusion. Reconstructed embryos were
kept in modified synthetic oviductal fluid (mSOF) (Wang
et al., 2012) containing 5 mg/mL cytochalasin B for 2 h until
activation. Activation of reconstructed embryos was per-
formed in 5 lM ionomycin for 4 min, followed by 4 h of
exposure to 1.9 mM dimethylaminopyridine in mSOF.

After activation, embryos were cultured in G1.5/G2.5
(Vitrolife AB, Gothenburg, Sweden) sequential medium.
Droplets of 150 mL of G1.5 were prepared in a 35-mm cell
culture dish under mineral oil (20–30 embryos per micro-
drop). Embryos were transferred to G2.5 droplets on day 3
of culture (day 0 being the day SCNT was performed).

In vitro fertilization

IVF was applied based on standard methods (Wang et al.,
2012) with some modifications. Briefly, frozen thawed
semen was placed at the bottom of a 15-mL tube with 5 mL
of Brackett and Oliphant (BO) medium supplemented with
6 mg/mL bovine serum albumin (BSA) and 20 mg/mL hep-
arin and then incubated for 30 min at 38.5�C in a humidified
atmosphere of 5% CO2. The top 3.5 mL of the BO medium
was removed and centrifuged at 1000 · g for 10 min. A 50-lL
sperm suspension (concentration, 2 · 106 spermatozoa/mL)
was added to 35–40 COCs in a 50- to 80-lL microdrop of the
BO medium under mineral oil.

After microdrop IVF for 20 h, oocytes were washed with
SOF to disperse cumulus cells and redundant spermatozoa.
The oocytes were then washed again and cultured in drop-
lets of 400 lL of G1 medium (Vitrolife AB) under mineral
oil (0 h being the time embryos were transferred into the G1
medium).

Quantitative real-time PCR

Three blastocysts, five oocytes at the metaphase II stage,
and five embryos in the same batch were randomly chosen
and pooled for total RNA extraction. Samples were lysed
using resuspension buffer and RNaseOUT� from a Super-
Script� III CellsDirect cDNA Synthesis System (Invitrogen,
Carlsbad, CA, USA) based on the manufacturer’s protocol.
Fibroblast cells (donor cells) and spermatozoa were prepared
by squeezing. Lysing of the cauda epididymis was conducted
using TRIzol reagent (Invitrogen) based on the manufacturer’s
instructions.

The reverse transcription reaction was achieved using
a miScript II RT Kit (Qiagen, Hilden, Germany) based on
the manufacturer’s procedure. Mature miRNAs were poly-
adenylated by poly(A) polymerase and converted into
cDNA by reverse transcriptase. miR-34c was quantified
using SYBR Premix Ex Taq� II (TaKaRa, Otsu, Japan) on
a StepOne real-time polymerase chain reaction (PCR) sys-
tem (StepOne and StepOnePlus; ABI, Foster City, CA,
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USA) based on the manufacturer’s protocol. U6 small nu-
clear RNA was used as an internal control.

Immunofluorescence staining of embryos

Immunofluorescence staining was conducted in accor-
dance with the methods of our previous study (Su et al.,
2011). Briefly, the collected embryos were fixed with Im-
munol Staining Fix Solution (Beyotime, Jiangsu, China) for
30 min and then permeabilized for 30 min with 0.2% Triton
X-100 in PBS–polyvinyl alcohol (PVA). After three wash-
ings, all samples were incubated overnight in Immunol
Staining Blocking Solution (Beyotime) at 4�C and then in-
cubated with the first antibodies to H3K9 acetylation
(1:1,000; Abcam, Cambridge, UK) and H3K4 trimethylation
(1:1,000; Abcam, Cambridge, UK) for 12 h at 4�C.

After three washings, secondary antibodies [Alexa Fluor
488-labeled goat anti-rabbit immunoglobulin G (IgG; 1:500;
Beyotime) for H3K9ac and Alexa Fluor 488-labeled goat
anti-mouse IgG (1:500; Beyotime) for H3K4me3 were incu-
bated with the samples for 2 h. Finally, the DNA was stained
with 4¢,6-diamidino-2-phenylindole (DAPI; Beyotime) for 3–
5 min. All samples were mounted on glass slides with a drop
of Antifade Mounting Medium (Beyotime) and analyzed
using a Nikon Eclipse Ti-S microscope equipped with a 198
Nikon DS-Ri1 digital camera (Nikon, Tokyo, Japan).

Apoptosis assays

Apoptosis was determined using a DeadEnd Fluorometric
TUNEL System (Promega) in accordance with the methods
of our previous study (Su et al., 2011). Briefly, embryos
were washed, fixed, and permeabilized for immunofluores-
cence staining. After equilibration in equilibration buffer,
embryos were incubated with rTdT incubation buffer in the
dark for 1 h at 37�C. The tailing reaction was terminated in
2 · standard saline citrate for 15 min. Finally, the DNA was
stained with DAPI (Beyotime). Samples were mounted on
glass slides for immunofluorescence staining.

Experimental design and statistical analysis

Experiment 1. This experiment was examination of the
expression level of miR-34c in sperm, oocytes (metaphase
II), and bovine fetal fibroblasts by qRT-PCR (Table 1).

Experiment 2. Here nuclear donor cells expressing miR-
34c were prepared, and the Tet-On 3G vector was constructed
and validated using standard techniques. pEF1a-Tet3G and
pTRE3G-BI plasmids were transfected into fibroblast cells
using the BTX Electro Cell Manipulator ECM2001. Select
cells were cultured with 700 mg/mL G418. The same colo-

nies were divided into two groups, namely, the dox-induced/
treated and no dox-induced/treated groups.

Experiment 3. In this experiment, SCNT embryos were
evaluated using nuclear donor cells expressing miR-34c.
The cleavage rates (days 2 and 7) of IVF (IVF group) and
SCNT (induced NT group and control NT group) embryos
were recorded to assess the in vitro developmental capacity
of each group. Cleavage rates were determined at the two-
cell, four-cell, eight-cell, and blastocyst stages to detect
H3K9ac and H3K4me3 levels.

The 2 -DDT method (Livak and Schmittgen, 2001) was
used to quantify the relative mRNA levels. Using Image-Pro
Plus for analyzing fluorescence intensity, as described pre-
viously (Das et al., 2010), all individual nuclei of embryos
were outlined. Then, integrated optical density (IOD) and
area were measured after the calibration of OD. The average
normalized fluorescence intensity for a single embryo was
represented by ‘‘sum IOD/sum area.’’ Finally, H3K9ac and
H3K4me3 levels were divided by the total DNA contents
(DAPI total fluorescence intensities) to calculate normalized
AcH3K9 and H3K4me3 quantities, respectively. To mini-
mize the difference among embryos, all images were ob-
tained with the same exposure times and adjustments of the
microscope. The experiments were replicated three times
with five to 10 embryos per group. The level of histone
acetylation or histone methylation of embryos was presented
as the mean value of embryos – standard error of the mean
(SEM). To quantify fluorescence intensity, the intensity
levels of the induced NT group and control NT group em-
bryos were presented relative to the mean intensity level of
IVF embryos.

The expression levels of miR-34c and fluorescence in-
tensity were analyzed by one-way analysis of varianc
(ANOVA) and Tukey’s least significant difference test using
SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Dif-
ferences were considered significant at p < 0.05. Continuous
data are presented as mean – SEM.

Results

The relative mRNA expression of miR-34c in oocytes
(metaphase II), sperm, and bovine fetal fibroblasts is pre-
sented in Figure 1B. Expression levels of miR-34c were
significantly higher in sperm than in oocytes (metaphase II)
or bovine fetal fibroblasts ( p < 0.05).

Construction of the Tet-On 3G vector was completed by
inserting the pre-miR-34c fragment (KpnI–PstI sites) into
MCS-2 and the eGFP sequence (BamHI–NotI sites) into
MCS-1 of the pTRE3G-BI vector (Fig. 1A).

Table 1. Primers Used For qRT-PCR

Gene Primer sequences (5¢-3¢) Annealing temperature (�C) Sequence accession

miR-34c F: TTTGTGAATGTAGTTAATA 60 MIMAT0003854
R: miScript Universal Primera

U6 F: CGCTTCGGCAGCACATATACTA 60 X59362.1
R: ACGCTTCACGAATTTGCGTGTC

aThe miScript Universal Primer for detection of mature microRNA (Qiagen).
F, forward; R, reverse.
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After the pEF1a-Tet3G and pTRE3G-BI plasmids had
been collectively transfected into fibroblast cells, colonies
were selected for culture with G418. When only dox was
added to the culture medium, colonies of bovine fetal fi-
broblasts showed fluorescence (Fig. 1D-a2 and 1D-b2). In
the absence of dox, nearly nonexistent fluorescence is ob-
served. Not all of the selected colonies survived isolation
and expansion. Thus, colonies were strictly screened for
high inducibility by green fluorescence after dox addition
(Fig. 1D) because only two types of plasmids may be
transfected into fibroblast cells. We then harvested dox-
induced and no dox-induced fluorescent colonies and com-
pared the relative abundances of miR-34c in these colonies
with that of sperm (Fig. 1C). miR-34c expression was sig-
nificantly higher in sperm and dox-induced fluorescent
colonies than in no dox-induced fluorescent colonies
( p < 0.05). miR-34c expression in dox-induced fluorescent
colonies was not significantly different from that in sperm.

Developmental rates of the cleavage and blastocyst stages
of the SCNT embryos were analyzed from four replicates
(Fig. 2; Table 2). IVF and all SCNT embryos cleaved
showed similar rates, ranging from approximately 72% to
77%. The rates of the induced NT and IVF groups were
significantly higher than that of the control NT group

( p < 0.05). The rates of blastocyst stages of the induced NT
and IVF groups were also significantly higher than that of
the control NT group ( p < 0.05). No significant difference in
embryo developmental rates between the induced NT and
IVF groups was observed.

The acetylation levels of histone H3K9 and trimethylation
levels of H3K4 were examined in two-cell stage embryos,
eight-cell stage embryos, and blastocysts by the im-
munostaining method (Fig. 3A). No confusing signals were
detected in embryos stained without first or secondary
antibodies. The fluorescence intensity of H3K9ac and
H3K4me3 was measured in two-cell-stage embryos, eight-
cell-stage embryos, and blastocysts (Fig. 3B). As shown in
Figure 3, the relative fluorescence intensity of H3K9ac in
two-cell-stage and eight-cell-stage embryos of the induced
NT group was significantly higher than that obtained from
embryos of the control NT group ( p < 0.05). The relative
fluorescence intensity of H3K9me3 in eight-cell-stage em-
bryos of the induced NT group was significantly higher than
that observed in embryos of the control NT group ( p < 0.05).
No differences in H3K9ac and H3K9me3 levels at the
blastocyst stage were observed among groups. Differences
in staining signals of H3K4me3 were also undetected in
two-cell-stage embryos.

FIG. 2. Representative photographs of bovine NT embryo cleavage (magnification, 40 · ) on day 2 (A) and day 7 (B) .
(A1 and B1) Dox-induced/treated SCNT embryos (induced NT group); (A2 and B2) no dox-induced/treated SCNT embryos
(control NT group); (A3 and B3) IVF embryos (IVF group).

Table 2. Effect of the Dox-Induce-Treated and No Dox-Inducible-Treated

on Developmental Competence of Bovine SCNT Embryos

Group
No. embryos cultured

(replications)
No. (%) ‡ 2 cells

on day 2
No. (%) blastocysts

on day 7

Induce-NT group 223 (4)a 173 (77.59% – 0.95)b 77 (34.53% – 1.13)b

Control-NT group 203 (4)a 148 (72.90% – 1.58)c 54 (26.60% – 1.04)c

IVF group 217 (4)a 164 (75.58% – 1.39)b 71 (32.27% – 1.38)b

aFour replicates were performed. Numbers in parentheses represent development rates [mean – percent change in standard error of the
mean (SEM%)], whereas other numbers represent total embryo numbers of four replicates.

b,cValues with different superscript within columns are significantly different from each other ( p < 0.05).
SCNT, somatic cell nuclear transfer; NT, nuclear transfer; IVF, in vitro fertilization.
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The total number of apoptotic cells was determined by
observing fluorescein isothiocyanate (FITC)-conjugated 2¢-
deoxyuridine-5¢-triphosphate-labeled nuclei and compar-
ing DAPI-counterstained nuclei. TUNEL assay results are
shown in Figure 4. The number of apoptotic cells in IVF
blastocysts was significantly lower than that in cells in the

control NT group ( p < 0.05) (Fig. 4B). No significant
differences between IVF blastocysts and induced NT
blastocysts were observed. As well, the extent of apopto-
sis in the induced NT group was lower than that in the
control NT group; differences observed, however, were
insignificant.

FIG. 3. (A) Global acetylation levels of H3K9 and global methylation levels of H3K4 in embryos. (B) Relative fluo-
rescence intensities of H3K9ac and H3K9m3. (A) Staining of H3K9ac and H3K4me3 in dox-induced/treated SCNT
(induced NT), in vitro fertilized (IVF), and no dox-induced/treated SCNT (control NT) embryos at the two-cell, eight-cell,
and blastocyst stages. Each sample was counterstained with DAPI to visualize DNA. Original magnification, 200 · .
(B) Average optical intensity of H3K9ac and H3K4me3 was measured using Image-Pro Plus 6.0 software. Values are
presented as mean – SEM. Labeling intensity was expressed relative to that of the IVF embryos (set as 100%). Values with
different superscript letters (a, b) within groups indicate significant difference ( p < 0.05).
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Discussion

Recent studies have shown that sperm carries numer-
ous RNAs into oocytes during fertilization (Miller and
Ostermeier, 2006; Ostermeier et al., 2004). RNA molecules,
which are also considered key vectors of epigenetic vari-
ation, are obviously the best candidates for guiding the
functions of protein complexes and other components of
silencing/activating systems by sequence recognition. These
molecules could serve as templates for the synthesis of
transcription factors important for embryogenesis (Kumar
et al., 1993) and directly regulate embryonic development.
Indeed, sperm-borne miR-34c is required for first-cleavage
division in mouse (Liu et al., 2012). Collective evidence
indicates that sperm RNAs may have an important function
in the development of fertilized embryos. Such observations
present new ideas that may improve the SCNT technique
arouse a particular interest. In the present study, the effects

of miR-34c, a microRNA expressed mainly in sperm, on the
development of bovine SCNT embryos were assessed.

Evidence indicates that miR-34c is highly expressed only
in germ cells of spermatogenesis (Bouhallier et al., 2010). In
this study, we proved that miR-34c of mRNA expression
level is significantly higher in sperm than that in metaphase
II oocytes and bovine fetal fibroblasts ( p < 0.05) (Fig. 1B).
Although virus gene delivery and simple plasmid vector
systems have been widely used for achieving transgenesis in
cattle (Gong et al., 2004; Hofmann et al., 2004), we con-
sidered the particularity of donor cells in avoiding constant
expression of the miR-34c. To conform to expression pat-
terns of the normal fertilized zygote, we used the Tet-On 3G
gene delivery system in this study for donor cells of bovine
fetal fibroblasts (Fig. 1A). This delivery system has been
successfully applied in reversible and dose-dependent in-
duction of expression (Gossen et al., 1995). After addition of
dox to the cultures of G418-resistant colonies, Tet-On 3G

FIG. 4. Apoptosis in blastocysts. (A) TUNEL assay of blastocysts. Each sample was counterstained with DAPI to visu-
alize DNA. Original magnification, 200 · . (B) Number of apoptotic cells in each blastocyst. Values with different su-
perscript letters (a, b) indicate significant difference ( p < 0.05).
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bound specifically to the TRE3G promoter and activated
transcription of the downstream precursor miR-34c (Fig. 1A).
As such, we ensured that the pEF1a-Tet3G and pTRE3G-
BI plasmids were transferred into the fibroblast cells at the
same time.

We then added different concentrations of dox to deter-
mine high induction and low basal expression to ensure that
the expression level of miR-34c in fibroblast cells approaches
that in sperm. miR-34c expression was significantly higher in
sperm and dox-induced fluorescent colonies than in no dox-
induced fluorescent colonies ( p < 0.05). miR-34c expression
in dox-induced fluorescent colonies was not significantly
different from that in sperm (Fig. 1C).

In a recent study in mice, over 70% of the zygotes in-
jected with the miR-34c inhibitor failed to cleave (Liu et al.,
2012). After completion of the preparation of SCNT em-
bryos, we investigated whether or not dox-induced expres-
sion of miR-34c influences the developmental capacity of
bovine SCNT embryos in vitro. We determined that the
developmental rates of IVF and all SCNT embryos cleaved
were similar (Table 2). However, the cleavage rates and
blastocyst stages of the induced NT group were significantly
higher than those of the control NT group ( p < 0.05). These
results indicate that miR-34c improves the in vitro devel-
opment of SCNT bovine embryos.

We examined and compared the acetylation levels of
histone H3K9 and trimethylation levels of H3K4 in two-cell-
stage embryos, eight-cell-stage embryos, and blastocysts
(Fig. 3A). Histone acetylation has a significant function in
the process of reprogramming and affects the development
of SCNT embryos (Dai et al., 2010; Das et al., 2010). We
determined that induction of miR-34c expression promotes
increased H3K9ac levels in two-cell and eight-cell SCNT
embryos. Trichostatin A, an effective histone deacetylase
(HDAC) inhibitor, is often used to increase levels of histone
acetylation and can improve the full-term development of
SCNT embryos (Iager et al., 2008). Sirtuin 1 (SIRT1), a
member of the HDAC family, can be regulated by miR-34a
(Yamakuchi et al., 2008). miR-34c may analogously regu-
late the targeting of SIRT1 mRNA and/or other targets to
affect histone acetylation. Other results show increased
H3K4me3 levels in SCNT embryos at the eight-cell stage.
Bovine embryonic development into eight cells is exten-
sively recognized to occur concomitantly with the activation
of the embryonic genome.

H3K4me3, a marker associated with active transcription,
is also important in the efficient reprogramming of plur-
ipotency genes (Eissenberg and Shilatifard, 2010; Murata
et al., 2010). Several factors have been reported to associate
directly with H3K4me3, including the CHD1 protein and
proteins containing a plant homeodomain finger domain,
such as ING2, ING4, ING5, RAG2, and BPTF (Pray-Grant
et al., 2005; Shi et al., 2006; Shi et al., 2007; Sims et al.,
2005; Wysocka et al., 2006). We suggest that increased
H3K4me3 expression may activate transcription of these
genes and alter efficient reprogramming. No differences in
H3K9ac and H3K9me3 levels at the blastocyst stage were
detected among groups. Although early SCNT embryos
showed various incorrect histone modifications, the final
blastocysts showed similar histone modification. Abnormal
histone modification at early embryonic stages may be
corrected at the blastocyst stage (Wu et al., 2011).

Apoptosis can eliminate cells with nuclear or chromo-
somal abnormalities and helps evaluate the quality of blas-
tocyst (Hardy, 1997). SCNT blastocysts with high apoptosis
levels show a diminution in total cell number (Yu et al.,
2007). In the present study, we observed no significant
differences in number of apoptotic blastocysts between
the induced NT and control NT groups (Fig. 4). miR-34–
induced apoptosis presumably depends on the cellular con-
text and, therefore, the expression levels of the respective
miR-34 target proteins involved in the regulation of apo-
ptosis (Hermeking, 2010). Evidence indicates that the action
of miR-34c may depend on the balance of specific intra-
cellular mediators of apoptosis (Catuogno et al., 2013).
Hence, we observed no significant differences in the inter-
play between miR-34c, p53, and target genes between the
two groups. Although evidence indicates that suppression of
reprogramming by miR-34c, as a target p53 signal, was due
to mild repression of pluripotency genes, including Nanog,
Sox2, and N-Myc (Choi et al., 2011), the final blastocysts in
the present study show the histone modification similarly
(Fig. 3). This study that imposing sperm-like states on nu-
clear donor cells by dox treatment will make them more
prone to reprogramming at fertilization, but zygotes in
subsequent developmental stage are not treated by dox.
Specific mechanisms need further research.

In summary, the results suggest that miRNAs are essen-
tial components in early embryonic development. Inducible
miR-34c expression influences the early development of bo-
vine SCNT embryos and may not only increase the cleavage
rates of developing embryos but also change the quality of the
resulting SCNT embryos. Further investigation is necessary
to identify which genes are regulated by miR-34c.

Acknowledgments

The authors thank Mr. Younan Wang for transportation of
the cow ovaries used in this study. This work was supported
by a grant from the National High Technology Research and
Development Program (#2011AA100303).

Author Disclosure Statement

The authors declare that no conflicting financial interests
exist.

References

Amanai, M., Brahmajosyula, M., and Perry, A.C. (2006). A
restricted role for sperm-borne microRNAs in mammalian
fertilization. Biol. Reprod. 75, 877–884.

Bartel, D.P. (2004). MicroRNAs: Genomics, biogenesis,
mechanism, and function. Cell 116, 281–297.

Bouhallier, F., Allioli, N., Lavial, F., Chalmel, F., Perrard,
M.H., Durand, P., Samarut, J., Pain, B., and Rouault, J.P.
(2010). Role of miR-34c microRNA in the late steps of
spermatogenesis. RNA 16, 720–731.

Campbell, K.H., McWhir, J., Ritchie, W.A., and Wilmut, I.
(1996). Sheep cloned by nuclear transfer from a cultured cell
line. Nature 380, 64–66.

Catuogno, S., Cerchia, L., Romano, G., Pognonec, P., Con-
dorelli, G., and de Franciscis, V. (2013). miR-34c may protect
lung cancer cells from paclitaxel-induced apoptosis. Onco-
gene 32, 341–351.

OPTIMIZING DONOR CELLS FOR SCNT 425



Choi, Y.J., Lin, C.P., Ho, J.J., He, X., Okada, N., Bu, P., Zhong,
Y., Kim, S.Y., Bennett, M.J., Chen, C., Ozturk, A., Hicks,
G.G., Hannon, G.J., and Lin, H. (2011). miR-34 miRNAs
provide a barrier for somatic cell reprogramming. Nat. Cell
Biol. 13, 1353–1360.

Chung, Y.G., Mann, M.R., Bartolomei, M.S., and Latham, K.E.
(2002). Nuclear-cytoplasmic ‘‘tug of war’’ during cloning:
Effects of somatic cell nuclei on culture medium preferences
of preimplantation cloned mouse embryos. Biol. Reprod. 66,
1178–1184.

Dai, X., Hao, J., Hou, X.J., Hai, T., Fan, Y., Yu, Y., Jouneau,
A., Wang, L., and Zhou, Q. (2010). Somatic nucleus repro-
gramming is significantly improved by m-carboxycinnamic
acid bishydroxamide, a histone deacetylase inhibitor. J. Biol.
Chem. 285, 31002–31010.

Das, Z.C., Gupta, M.K., Uhm, S.J., and Lee, H.T. (2010). In-
creasing histone acetylation of cloned embryos, but not donor
cells, by sodium butyrate improves their in vitro development
in pigs. Cell. Reprogram. 12, 95–104.

Eissenberg, J.C., and Shilatifard, A. (2010). Histone H3 lysine 4
(H3K4) methylation in development and differentiation. Dev.
Biol. 339, 240–249.

Fan, X., Petitt, M., Gamboa, M., Huang, M., Dhal, S., Druzin,
M.L., Wu, J.C., Chen-Tsai, Y., and Nayak, N.R. (2012).
Transient, inducible, placenta-specific gene expression in
mice. Endocrinology 153, 5637–5644.

Gong, G., Dai, Y., Fan, B., Zhu, H., Zhu, S., Wang, H., Wang,
L., Tang, B., Li, R., Wan, R., Liu Y, Huang Y, Zhang L, Sun
X, Li N. (2004). Birth of calves expressing the enhanced
green fluorescent protein after transfer of fresh or vitrified/
thawed blastocysts produced by somatic cell nuclear transfer.
Mol. Reprod. Dev. 69, 278–288.

Gossen, M., Freundlieb, S., Bender, G., Muller, G., Hillen, W.,
and Bujard, H. (1995). Transcriptional activation by tetracy-
clines in mammalian cells. Science 268, 1766–1769.

Hardy, K. (1997). Cell death in the mammalian blastocyst. Mol.
Hum. Reprod. 3, 919–925.

Hermeking, H. (2010). The miR-34 family in cancer and apo-
ptosis. Cell Death Diff. 17, 193–199.

Hochedlinger, K., and Jaenisch, R. (2006). Nuclear repro-
gramming and pluripotency. Nature 441, 1061–1067.

Hofmann, A., Zakhartchenko, V., Weppert, M., Sebald, H.,
Wenigerkind, H., Brem, G., Wolf, E., and Pfeifer, A. (2004).
Generation of transgenic cattle by lentiviral gene transfer into
oocytes. Biol. Reprod. 71, 405–409.

Iager, A.E., Ragina, N.P., Ross, P.J., Beyhan, Z., Cunniff,
K., Rodriguez, R.M., and Cibelli, J.B. (2008). Trichostatin
A improves histone acetylation in bovine somatic cell
nuclear transfer early embryos. Cloning Stem Cells 10,
371–379.

Kato, Y., Tani, T., and Tsunoda, Y. (2000). Cloning of calves
from various somatic cell types of male and female adult,
newborn and fetal cows. J. Reprod. Fertil. 120, 231–237.

Kishigami, S., Mizutani, E., Ohta, H., Hikichi, T., Thuan, N.V.,
Wakayama, S., Bui, H.T., and Wakayama, T. (2006). Sig-
nificant improvement of mouse cloning technique by treat-
ment with trichostatin A after somatic nuclear transfer.
Biochem. Biophys. Res. Commun. 340, 183–189.

Klymiuk, N., Bocker, W., Schonitzer, V., Bahr, A., Radic, T.,
Frohlich, T., Wunsch, A., Kessler, B., Kurome, M., Schilling,
E., Herbach, N., Wanke, R., Nagashima, H., Mutschler, W.,
Arnold, G.J., Schwinzer, R., Schieker, M., and Wolf, E.
(2012). First inducible transgene expression in porcine large
animal models. FASEB J. 26, 1086–1099.

Kumar, G., Patel, D., and Naz, R.K. (1993). c-MYC mRNA
is present in human sperm cells. Cell. Mol. Biol. Res. 39,
111–117.

Li, E. (2002). Chromatin modification and epigenetic repro-
gramming in mammalian development. Nat. Rev. Genet. 3,
662–673.

Lin, T., Chao, C., Saito, S., Mazur, S.J., Murphy, M.E., Appella,
E., and Xu, Y. (2005). p53 induces differentiation of mouse
embryonic stem cells by suppressing Nanog expression. Nat.
Cell Biol. 7, 165–171.

Liu, W.M., Pang, R.T., Chiu, P.C., Wong, B.P., Lao, K., Lee,
K.F., and Yeung, W.S. (2012). Sperm-borne microRNA-34c
is required for the first cleavage division in mouse. Proc. Natl.
Acad. Sci. USA 109, 490–494.

Liu, X., Wang, Y., Guo, W., Chang, B., Liu, J., Guo, Z., Quan,
F., and Zhang, Y. (2013). Zinc-finger nickase-mediated in-
sertion of the lysostaphin gene into the beta-casein locus in
cloned cows. Nat. Commun. 4, 2565.

Livak, K.J., and Schmittgen, T.D. (2001). Analysis of relative
gene expression data using real-time quantitative PCR and the
2( - Delta Delta C(T)) method. Methods 25, 402–408.

Miller, D., and Ostermeier, G.C. (2006). Towards a better un-
derstanding of RNA carriage by ejaculate spermatozoa. Hum.
Reprod. Update 12, 757–767.

Miyoshi, K., Rzucidlo, S.J., Pratt, S.L., and Stice, S.L. (2003).
Improvements in cloning efficiencies may be possible by
increasing uniformity in recipient oocytes and donor cells.
Biol. Reprod. 68, 1079–1086.

Murata, K., Kouzarides, T., Bannister, A.J., and Gurdon, J.B.
(2010). Histone H3 lysine 4 methylation is associated with the
transcriptional reprogramming efficiency of somatic nuclei by
oocytes. Epigenetics Chromatin 3, 4.

Ostermeier, G.C., Miller, D., Huntriss, J.D., Diamond, M.P.,
and Krawetz, S.A. (2004). Reproductive biology: Delivering
spermatozoan RNA to the oocyte. Nature 429, 154.

Pray-Grant, M.G., Daniel, J.A., Schieltz, D., Yates, J.R., 3rd,
and Grant, P.A. (2005). Chd1 chromodomain links histone H3
methylation with SAGA- and SLIK-dependent acetylation.
Nature 433, 434–438.

Shi, X., Hong, T., Walter, K.L., Ewalt, M., Michishita, E.,
Hung, T., Carney, D., Pena, P., Lan, F., Kaadige, M.R, La-
coste, N., Cayrou, C., Davrazou, F., Saha, A., Cairns, B.R.,
Ayer, D.E. Kutateladze, T.G., Shi, Y., Côté, J., Chua, K.F.,
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