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DNA active demethylation is an important epigenetic phenomenon observed in porcine
zygotes, yet its molecular origins are unknown. Our results show that 5-methylcytosine
(5mC) converts into 5-hydroxymethylcytosine (5hmC) during the first cell cycle in
porcine in vivo fertilization (IVV), IVF, and SCNT embryos, but not in parthenogenetically
activated embryos. Expression of Ten-Eleven Translocation 1 (TET1) correlates with this
conversion. Expression of 5mC gradually decreases until the morula stage; it is only
expressed in the inner cell mass, but not trophectoderm regions of IVV and IVF blastocysts.
Expression of 5mC in SCNT embryos is ectopically distinct from that observed in IVV and
IVF embryos. In addition, 5hmC expression was similar to that of 5mC in IVV cleavage-
stage embryos. Expression of 5hmC remained constant in IVF and SCNT embryos, and
was evenly distributed among the inner cell mass and trophectoderm regions derived from
IVV, IVF, and SCNT blastocysts. Ten-Eleven Translocation 3 was highly expressed in
two-cell embryos, whereas TET1 and TET2 were highly expressed in blastocysts. These data
suggest that TET1-catalyzed 5hmC may be involved in active DNA demethylation in
porcine early embryos. In addition, 5mC, but not 5hmC, participates in the initial cell
lineage specification in porcine IVV and IVF blastocysts. Last, SCNT embryos show aberrant
5mC and 5hmC expression during early porcine embryonic development.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Since its discovery over 60 years ago, it is now widely
accepted that DNA methylation plays a vital role in gene
transcription, genomic imprinting and integrity, X chro-
mosome inactivation, cellular differentiation, develop-
ment, and cancer [1,2]. DNAmethylation occurs at the fifth
carbon of cytosine residues, predominantly in genomic
CpG dinucleotides. Cytosine methylation in all contexts is
initially established by the de novo methyltransferase
57.
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(DNMT)3A and (DNMT)3B, and this mechanism is faith-
fully maintained by DNMT1 after each round of DNA
replication in mammalian cells [2]. Until recently, DNA
methylation was considered a stable epigenetic modifi-
cation. However, recent studies indicate that DNA
methylation is a dynamically reversible mechanism at
specific developmental stages [3,4]. Indeed, active DNA
demethylation is well documented during the develop-
ment of mammalian primordial germ cells [5–7] and in
early embryos [8–13].

The mechanisms that regulate the asymmetrical
genomic DNA demethylation in parental pronuclei have
been under intensive investigation in the last decade. Some
models have been suggested, but none have been
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completely proven [3,6,14–17]. Recently, mammalian Ten-
Eleven Translocation (TET) proteins including TET1, TET2,
and TET3 were identified as homologs of the trypanosome
J-binding proteins (JBPs), JBP1 and JBP2, which oxidize
the 5-methylthymine into 5-hydroxymethyluracil [18].
These mammalian homologs catalyze the conversion of
5-methylcytosine (5mC) into 5-hydroxymethylcytosine
(5hmC) in genomic DNA of human embryonic kidney
293 cells, U2OS cells, and mouse embryonic stem (ES) cells
[19–21]. Therefore, these data suggest that 5hmC is an
intermediate during the active DNA demethylation process
in animals. Furthermore, knockdown of TET1 inmouse two-
cell embryos results in preferentially development of blas-
tomeres to trophectoderm (TE) cells. This is consistent with
in vitro evidence that knockdown of TET1 reduces the self-
renewal ability of ES cells, supporting the hypothesis that
TET1 is another important player in the “pluripotency
network” [20]. Mutant TET2 impairs the hydroxylation of
5mC and results in myeloid cancers, indicating that TET2
may suppress some cancers [22]. TET3 is highly expressed in
mouse oocytes and zygotes [23,24], yet TET3 protein is only
localized in paternal pronuclei [25]. Several studies show
that 5hmC is exclusively catalyzed by TET3, and this process
contributes to active DNA demethylation in paternal and
pseudo-pronuclei during the development of IVF and SCNT
one-cell embryos in mice [23–25].

Previous studies indicate that active DNA demethyla-
tion can also occur in paternal genomes of porcine pro-
nuclear embryos [11,26,27]. However, it is not known if
5hmC is also involved in the dynamic reprogramming of
active DNA demethylation during the development of
early porcine embryos derived from in vivo fertilization
(IVV), IVF, SCNT, and parthenogenetic activation (PA). To
address this question, we followed 5hmC expression in
differently derived porcine embryos. A better under-
standing of this mechanism will greatly improve the ef-
ficiency of porcine SCNT and the induction of pluripotent
stem cells (iPS).

2. Materials and methods

All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA), unless stated otherwise.

2.1. Animals

All pig experiments in the present study were
approved by the Animal Care and Use Committee of
China Agricultural University. All procedures were carried
out in strict accordance with the recommendations made
in the Guide for the Care and Use of Laboratory Animals
of the National Veterinary Quarantine Service.

2.2. In vivo–derived embryos

Sows (Meishan breed, n¼ 20)were checked daily for the
onset of estrus (Day 0). The unstimulated sows displaying
estrus were naturally mated two successive times with two
sexually mature and healthy boars. The sows were eutha-
nized at a local abattoir at specific postmating time points,
and their reproductive tracts including oviducts and uteri
were excised. The following were the postmating time
points (after the onset of estrus) for recovering the em-
bryos: 16 to 18 hours for pronuclear stage embryos, 36
hours for two-cell stage embryos; 48 hours for four-cell
stage embryos; 72 hours for eight-cell stage embryos; 96
hours for the morula stage embryos; and 120 to 168 hours
for early, expanded, and hatched blastocyst stage embryos.
The embryos at all different developmental stages were
quickly flushed out with prewarmed 0.9% NaCl solution
from the oviducts or uteri. The embryos were carefully
selected under the stereomicroscope (Nikon, SMZ1000,
Japan) and only normal-looking embryos were used for
immunocytochemical analysis. In addition, zonae pelluci-
dae were removed from zygotes or developing embryos by
pronase treatment (0.5% in Dulbecco’s phosphate buffered
saline [DPBS]), and at least 15 embryos per embryo stage
werefixed for 15minutes inparaformaldehyde (4% inDPBS)
at room temperature, washed several times in DPBS plus
0.3% polyvinylpyrrolidone (PVP), and stored short term at
4 �C in DPBS for immunocytochemical analyses.

2.3. In vitro maturation

This experiment was performed as described previously
[28]. Briefly, ovaries were taken from prepubertal gilts and
sows at a local slaughterhouse. These were placed at 28 �C
to 35 �C in a physiological saline solution containing peni-
cillin (0.2 IU/mL) and streptomycin sulfate (0.2 IU/mL), and
were taken to the laboratory within 2 hours and washed
with saline. Immediately upon arrival, ovarian follicles 3 to
6 mm in diameter were aspirated using a sterile 10-mL
syringe with an 18-ga needle. The aspirated follicular fluid
was slowly injected into a 38.5 �C, preincubated, 15-mL
centrifuge tube to sediment the cumulus-oocyte com-
plexes (COCs). After approximately 15 minutes of sedi-
mentation, a clear interfacewas visible. After the removal of
the supernatant, the cell pellets were diluted with oocyte-
washing medium (DPBS plus 0.01% polyvinyl alcohol) and
aspirated gently. Using a stereomicroscope, COCs that had
more than two layers of compact cumulus investment and a
dense, homogeneous cytoplasmwere rapidly selected. They
were washed three times with oocyte-washing medium
(0.01% polyvinyl alcohol in DPBS), then three more times
with IVM medium (tissue culture medium-199 supple-
mented with 15% fetal bovine serum, 10% porcine follicular
fluid, 10 IU/mL of eCG [Suigonan Vet; Denmark], 5 IU/mL of
hCG [Suigonan Vet], 0.8 mmol/L L-glutamine and 0.05 mg/
mL gentamicin). Subsequently, 50 of thewashed COCs were
matured in 400 mL IVM at 38.5 �Cwith 5% CO2 and saturated
humidity for 42 to 44 hours. The COCs were treated with
DPBS without Ca2þ and Mg2þ (Gibco, Grand Isle, NY) con-
taining 1 mg/mL hyaluronidase to remove the surrounding
cumulus cells. Finally, the oocytes with clear perivitelline
spaces, intact cell membranes, and extruded first polar
bodies (pb1) were selected for use.

2.4. In vitro fertilization

Fresh semen was washed three times with DPBS sup-
plemented with 0.1% BSA, 75 mg/mL penicillin G, and 50 mg/
mL streptomycin, and centrifugation at �100g for 3
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minutes. After removing the supernatant, spermatozoa
pellets were resuspended with fertilization medium
(mTBM) containing 2 mg/mL BSA plus 2 mmol/L caffeine
(fraction V) [29], and diluted to 0.45 to 1.5 � 106 sperm/mL.
Groups of 25 denuded oocytes were washed three times in
fertilization medium and then transferred to 100 mL fertil-
ization medium covered with paraffin oil. Fifty microliters
of diluted spermatozoa (0.45–1.5 � 106 sperm/mL) was
added to 100 mL of fertilization medium containing oocytes
to give a final sperm concentration of 1.5 to 5.0 � 105

sperm/mL. The oocytes were co-incubatedwith sperm for 5
hours at 38.5 �C with 5% CO2.

2.5. Construction, fusion, and activation of somatic cloned
embryos

2.5.1. Embryo reconstruction
In vitro-matured oocytes and donor cells were simul-

taneously transferred into micromanipulation medium
droplets. After equilibration at 38.5 �C with 5% CO2 and
saturated humidity for 10 to 15 minutes, the oocytes were
held with holding pipette (inner diameter, 25–35 mm; outer
diameter, 100–120 mm) under an inverted microscope
(Nikon, Eclipse Ti) equipped with a micromanipulator
(Narishige, Tokyo, Japan) and a warmed stage (Tokihai,
Shizuoka, Japan). The pb1 was adjusted to the 1-o’clock
position using an enucleation or microinjection needle
with a 15- to 25-mm inner diameter. Subsequently, from the
3-o’clock position, the enucleation or microinjection nee-
dle was inserted to draw the pb1 together with 10% to 20%
of the adjacent cytoplasm, which potentially contained the
oocyte nucleus. Porcine fetal fibroblast cells, which were 15
to 20 mm in diameter and rounded to a smooth shape, were
selected for transfer into the perivitelline space from the
enucleating cut. After this micromanipulation, the recon-
structed oocytes composed of a donor cell and oocyte
cytoplasm were transferred into a tissue culture medium-
199 plus 2% fetal bovine serum (T2) droplet and placed in
an incubator for 30 minutes at 38.5 �C with 5% CO2 and
saturated humidity for a recovery period.

2.5.2. Fusion and activation of reconstructed embryos
After the 30-minute recovery period in the T2 droplet,

the reconstructed oocytes were transferred into fusion
medium (0.3 mol/L mannitol supplemented with 0.05
mmol/L CaCl2, 0.1 mmol/L MgSO4, and 0.01% polyvinyl
alcohol) in batches of 10 to 20 reconstructed oocytes to
equilibrate for 2 minutes. After three washes with fusion
medium, each batch was placed in a cell fusion chamber
and the reconstructed oocytes were spread with fusion
medium. By moving the reconstructed oocytes with a
pulled fine glass needle, the contact surfaces of the donor
cell and the recipient oocyte were oriented parallel to the
electrodes. With a CF-150B cell fusion instrument (BLS,
Budapest, Hungary), single pulse direct current of 1.56
kV/cm for 100 ms was administered to induce cell fusion
and activation. Subsequently, couplets were washed
three times with porcine zygote medium 3 (PZM-3) [30]
and immediately transferred into chemically assisted
activation medium (PZM-3 plus 10 mg/mL cycloheximide,
and 10 mg/mL cytochalasin B) and covered with mineral
oil. After 4 hours in an incubator at 38.5 �C with 5% CO2
and saturated humidity, fusion results were determined
using a stereomicroscope.

2.6. PA

Denuded oocytes with the pb1 extrusion were washed
three times in fusionmedium thatwasprewarmedat 38.5 �C.
Equilibrated oocytes were transferred into a fusion chamber
filled with activation liquid. Electrical activation was accom-
plishedbyapplying twopulses ofdirect currentof 1.56kV/cm
for 80 ms with a 1-second interval. Subsequently, embryos
were washed in PZM-3 three times, and transferred into the
chemically assisted activation solution (PZM-3plus 10 mg/mL
cycloheximide and 10 mg/mL cytochalasin B) covered by
paraffin oil. They were incubated for 4 hours at 38.5 �C, 5%
CO2, and 95% air in a humidified chamber.

2.7. In vitro culture

In vitro-fertilized or chemical post-activated embryos
(SCNT and PA) were washed three times with PZM-3.
Approximately 50 embryos were cultured in four well
dishes containing 400 mL PZM-3. They were collected at
different time points to obtain embryos at different
developmental stages. Embryo culture conditions were
38.5 �C, 5% CO2, 95% air, and 100% humidity.

2.8. Embryo immunofluorescence staining and quantification
analysis

Embryos used for immunofluorescence staining were
treated with 0.5% pronase solution to digest the outer
zona pellucida. The embryos were fixed for 15 minutes in
4% paraformaldehyde in PBS, washed three times for 15
minutes. The fixed embryos were permeabilized with 0.5%
Triton X-100 in DPBS for 30 minutes at room temperature,
then washed briefly with DPBS containing 0.3% PVP. Em-
bryos were incubated in 2N HCl solution at room tem-
perature for 15 minutes. After neutralization 100 mmol/L
Tris-HCl (pH 8.0) for 20 minutes, second fixation (4%
paraformaldehyde), and several washes with 0.3% PVP in
DPBS, the embryos were blocked with 1% BSA in DPBS
overnight at 4 �C. Embryos were subsequently incubated
in blocking buffer containing primary antibodies against
5mC (Abcam, ab10805, mouse monoclonal antibody,
1:200) and 5hmC (Active motif, 39769, rabbit polyclonal
antibody, 1:200) at 37 �C for 1 hour, washed 12 times in 60
minutes with 0.3% PVP in DPBS and incubated for 1 hour
with secondary antibodies, including goat anti-mouse
immunoglobulin (Ig)G conjugated with Alexa Fluor 488
(Molecular Probe, Eugene, OR, USA; A11029, 1:200) and
goat anti-rabbit immunoglobulin G conjugated with Alexa
Fluor 594 (Molecular Probe, A11012, 1:200) in the dark at
37 �C. Finally, embryos were washed 12 times in 60 mi-
nutes with 0.3% PVP in DPBS and counterstained with 1
mg/mL 40,6-diamidino-2-phenylindole (Sigma, St. Louis,
MO, USA; D9542) for 10 minutes. The embryos were
washed several times and mounted on glass slides with a
small drop of Vectashield (VectorLab, Burlingame, CA,
USA) mounting medium, then covered by a glass coverslip



Table 1
Sequence information on porcine-specific primers for quantitative real-
time polymerase chain reaction.

Gene Primer sequence (50–30) PCR
product
(bp)

Reference
number

TET1 F: TTCCCATGTATGCAGAGCACTA 120 CN159927.1
R: TTAACATACGGGGGAAACAGTT

TET2 F: TGCTTTCCATCCATCCTAACTG 170 CF179500.1
R: CATCCACTGCCATTTGTCAA

TET3 F: TGGTTACTTGGCTTCCAATGG 140 EW564145.2
R: TGCCTTGAGACATTGCAAAA

EF1A1 F: AATGCGGTGGGATCGACAAA 120 NM_
001097418.1

R: CACGCTCACGTTCAGCCTTT

Abbreviations: bp, base pairs; F, forward; TET, ten-eleven translocation;
PCR, polymerase chain reaction; R, reverse.
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and assessed using confocal laser scanning microscopy
(Olympus, FluoView1000). Negative control staining was
also performed. In these cases, the primary antibody
was replaced with the blocking buffer. Ten to fifteen
in vitro-produced embryos (including IVF, SCNT, PA) and
5 in vivo-derived embryos from different time point or
developmental stages were used for every immunostain-
ing procedures, and three replicates were conducted for
each experiment.

The embryos were analyzed as described previously
[31]. Briefly, nuclei of blastomeres were identified by
40,6-diamidino-2-phenylindole staining using the 40�
objective. Using the same field of view and objective,
fluorescence staining images of either 5mC or 5hmC were
captured. Quantification of global 5mC and 5hmC in nuclei
or cytoplasmic areas was performed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). The
border around the nuclei was manually delineated ac-
cording to DNA staining. In addition, at least three
different cytoplasmic areas were delineated for normali-
zation to background. The average pixel intensity of the
nuclear areas was calculated by ImageJ, and then
normalized by dividing it by the average pixel intensity of
the background areas [32].

2.9. RNA extraction and reverse transcription

Total RNA from single pools (n ¼ 10) of IVF, SCNT, and
PA-produced one-cell embryos, two-cell embryos, four-
cell embryos, blastocysts, sperm, metaphase II oocytes,
iPS [33], fetal fibroblast cells, and ovary tissues were iso-
lated using the RNeasy Micro Kit (Qiagen, Valencia, CA,
USA; cat.No.74004). The extracted RNA was quantified
with spectrophotometry at 260/280 nm with a NanoDrop
2000 instrument (Thermo Scientific, Waltham, MA, USA).
Reverse transcription was immediately performed
using a QuantiTect Reverse Transcription Kit (Qiagen,
cat.No.205311). The complementary DNA was aliquoted
and stored at �80 �C, ready for use.

2.10. Primer design

Porcine-specific primers were designed using Primer
Express 3.0 (Applied Biosystems, Foster City, CA, USA) or
manually designed based on available sequences from the
GenBank database (NCBI) or TIGR. Primers and their
reference gene sequences are listed in Table 1. Each of the
amplicons was sequenced and blasted against their original
sequences for verification.

2.11. Comparative real-time polymerase chain reaction

Polymerase chain reactions (PCRs) were prepared using
the FastStart SYBR Green Master (Rox; Roche, Basel,
Switzerland; cat. No. 04673514001) and performed using
StepOnePlus (Applied Biosystems). Each reaction consisted
of 1.5 mL complementary DNA, 7.5 mL 2 � SYBR Green PCR
master mix, 0.9 mL of each primer pair, and 5.1 mL ultrapure
water. Reactions were performed in triplicate and were
repeated three times. The housekeeping gene EF1A1 was
used as the reference gene. The amplification conditions
were as follows: pre-denaturation at 95 �C for 10 minutes,
followed by 45 amplification cycles of 95 �C denaturation
for 15 seconds, 60 �C annealing for 10 seconds, and 72 �C
extension for 20 seconds. Three technical replicates were
conducted in each PCR reactions, which were repeated
three times in total.

2.12. Comparative real-time PCR analysis

The delta delta threshold cycle (CT) methodwas used to
estimate fold changes between the genes of interest
(2�DDCT) after quantitative real-time PCR. The value
comparative CT denotes the threshold cycle, and DCT was
calculated as CT (of the target gene) � CT (of the reference
gene). The fold change in gene expression was calculated
using 2�DDCT, whereas DDCT was calculated as DCT (sam-
ple) � DCT (of the endogenous gene).

2.13. Statistical analysis

Unless noted otherwise, experimental data are pre-
sented as mean values � standard error of the mean. Sta-
tistical analyses of the fold change of gene expression
between different embryo stages, determined from the
comparative real-time PCR and differences in the levels of
global 5mC and 5hmC methylation patterns in embryos,
were performed using one-way ANOVA with SPSS soft-
ware (version 11.5; SPSS, Inc., Chicago, IL, USA). P values
less than 0.05 were considered significant.

3. Results

3.1. Dynamic 5hmC expression during the development of
porcine pronuclear embryos

Wesought todeterminewhen5hmCwasbeingexpressed
duringporcinepronuclearembryodevelopment. Todoso,we
used immunofluorescence staining with one polyclonal and
two monoclonal antibodies (Diagenode [Seraing, Belgium]
MAb-31HMC-100, mouse monoclonal antibody and Milli-
pore [Billerica, MA], MABE176, rat monoclonal antibody)
raised and tested against 5hmC.All antibodies showed strong
reactivity inporcine iPS and in advancedpronuclear embryos
of different origins (Supplementary Fig. 1; Fig. 1A–C). The
5hmC and 5mC content of the parental and pseudo-
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pronucleus dynamically changed during the first cell cycle
(Fig.1A–C).We followed the dynamics of 5hmCexpression in
comparison with 5mC patterns across all pronuclear stages
in the one-cell embryos of different origins. The relative
changes within the parental and pseudo-pronuclei were
determined by image quantification using standardized fix-
ation, denaturation, and imaging conditions (Supplementary
Fig. 3A–D). Porcine IVF pronuclear embryos were analyzed
Fig. 1. 5-Hydroxymethylcytosine (5hmC) and 5-methylcytosine (5mC) in in vivo
embryos. (A) Representative images of in vivo porcine pronuclear embryos stained
porcine IVF one-cell embryos development. Shown are representative images of po
The 5hmC and 5mC signals during porcine SCNT and PA one-cell embryo developme
with 5mC (green) and 5hmC (red) antibodies. _, male pronucleus; \, female pronu
for 5hmCand5mCexpressions at 6 hours (n¼ 30), 8 hours (n
¼ 36),14 hours (n¼ 32),16 hours (n¼ 32), and 18 hours (n¼
38) after insemination (hpi; Fig. 1B; Supplementary Fig. 2A,
B), which represented five different developmental stages
of pronuclear progression (PN1–PN5) [34]. At the earliest
developmental stages after sperm entry (PN1 and PN2) both
compact pronuclei showed 5hmC and 5mC signals of similar
intensities. The intensities of 5hmC and 5mC signals became
fertilization, IVF, SCNT, and parthenogenetically activated (PA) pronuclear
with 5mC (green) and 5hmC (red) antibodies. (B) The 5hmC signals during
rcine IVF embryos stained with 5mC (green) and 5hmC (red) antibodies. (C)
nt. Shown are representative images of porcine SCNT and PA embryos stained
cleus; Scale bar: 50 mm.



Fig. 2. Conversion of 5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC) in IVF and SCNT one-cell embryos is independent of DNA replication.
Porcine IVF and SCNT one-cell embryos were incubated for 16 to 18 hours with (þ) or without (�) aphidicolin (3 mg/mL). Representative images of porcine IVF and
SCNT one-cell embryos with 5mC (green) and 5hmC (red) antibodies. _, male pronucleus; \, female pronucleus; Scale bar: 50 mm.
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increasingly different for maternal and paternal pronuclei
from PN3 to PN5 stage. The 5hmC signal gradually increased
in the paternal pronuclei by about fourfold at PN5, whereas
the 5mC signal decreased. However, much less significant
changes were detectable in the maternal pronuclei. The
5hmC signal was very weak, but the 5mC signal did not
remain constant. Similarly, 5hmC signals were most promi-
nent in the paternal pronuclei (16�18 hpi; n ¼ 15) derived
from natural mating, in which the 5mC signal was already
veryweak. The opposite patternswere found in thematernal
pronuclei.Here, strong5mCsignalswereaccompaniedwitha
much less intense 5hmC signal.

We also studied the expression of 5mC and 5hmC in
fetal fibroblast cells. We found that the 5mC signal was
enriched in fetalfibroblast cells but therewasnodetectable
5hmC signal. In contrast, 5hmC was highly expressed in
porcine iPS, yet little 5mC signals were detected
(Supplementary Fig. 1). Porcine SCNT one-cell stage em-
bryos (with porcine fetal fibroblast cell as donors)
were stained for 5hmC and 5mC at 2 (n¼ 35), 6 (n¼ 36), 12
(n ¼ 36), 16 (n ¼ 34), and 20 (n ¼ 35) hours postactivation
(hpa; Fig.1C; Supplementary Fig. 2C). As in the zygotes, the
5hmC signal gradually decreased in the pseudo-pronuclei
during the first few hours of development for SCNT em-
bryos (up to 6 hpa) and was followed by a steady increase
reaching high levels at 16 hpa. Conversely, the 5mC signal
steadily decreased during the development of SCNT
one-cell stage embryos. Porcine SCNT one-cell stage em-
bryos derived from other fetal fibroblast cell lines also
showed similar dynamic 5mC and 5hmC patterns (data not
shown).

Next, we examined the dynamics of 5hmC and 5mC in
chromosomes of one-cell stage embryos derived from PA.
Very weak 5hmC signals, but much stronger 5mC signals
were detected in maternal pronuclei at 2 (n ¼ 40), 6 (n ¼
38), 12 (n ¼ 36), 16 (n ¼ 36), and 20 hpa (n ¼ 36; Fig. 1C;
Supplementary Fig. 2D).
3.2. Conversion of 5mC into 5hmC in porcine IVF and SCNT
pronuclear embryos is independent of DNA replication

In the paternal pronuclei obtained from IVF and the
pseuso-pronuclei obtained from SCNT, 5hmC began to
accumulate at the PN3 stage (14 hpi or 12 hpa). This time
frame coincided with DNA replication [35]. Therefore, we
investigated whether the appearance of 5hmC and loss of
5mC depended on DNA replication. One-cell embryos
derived from IVF and SCNT incubated with aphidicolin
(a selective inhibitor of DNA polymerase alpha) from PN1
to PN5 stage could not replicate their DNA. We found that
both distribution patterns and intensities of 5hmC and
5mC were unchanged in aphidicolin-treated late stage
(PN5) one-cell embryos (n ¼ 30) compared with the con-
trol (n¼ 30; Fig. 2).We concluded that the accumulation of
5hmC occurred independent of DNA replication.

3.3. Relative expression of TET transcripts in porcine oocytes
and one-cell stage embryos

Quantitative real-time PCR revealed that transcripts for
TET1, 2, and 3 are differentially expressed in oocytes, one-
cell embryos, and other cells or tissues. Expression levels
of TET1 were higher than other TET genes in the one-cell
embryos (P < 0.05). However, TET2 and TET3 expression
could barely be detected in oocytes and one-cell embryos
(Fig. 3A, B and C). In addition, TET1 and TET2 showed
relatively high levels of expression in ovary tissues, fetal
fibroblast cells, and iPS (Fig. 3A, B), whereas TET3 was
nearly absent in all tissues except sperms (Fig. 3C).

3.4. 5hmC in porcine IVV, IVF, and SCNT cleavage-stage
embryos

To further investigate the distribution of 5hmC and
5mC in cleavage-stage embryos, IVV, IVF, and SCNT



Fig. 3. Ten-Eleven Translocation (TET) mRNA levels in porcine one-cell
embryos as measured by quantitative real time-polymerase chain reaction.
Levels of TET1 (A), TET2 (B), and TET3 (C) mRNA were measured by quanti-
tative real time-polymerase chain reaction. Metaphase II oocytes were used
as calibrator sample (expression set to 1). The results are the average of four
replicates with error bars indicating standard error of the mean. ** P < 0.01.
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embryos were used for double immunofluorescence
staining. Strong 5hmC and 5mC signals were detected in
IVV embryos from the two-cell stage to the eight-cell stage
(two-cell, n ¼ 15; four-cell, n ¼ 15; eight-cell n ¼ 15). This
was followed by a sudden decrease of both signals within
morula nuclei (n ¼ 15), and a reappearance of both signals
at the blastocyst stage (n ¼ 15; Fig. 4A; Supplementary
Fig. 3A). Here, the intensity of the 5mC signal was higher
in the inner cell mass (ICM) than in the TE regions (P <

0.05), whereas the 5hmC signal was uniformly distributed
between ICM and TE regions (Fig. 6A–C).

The dynamic patterns of 5mC expression were similar
between IVF and IVV cleavage-stage embryos (Fig. 4B;
Supplementary Fig. 3B). The 5hmC signal levels gradually
decreased in the IVF embryos from the two-cell to the
eight-cell stage (two-cell, n ¼ 36; four-cell, n ¼ 36; eight-
cell, n ¼ 30). Interestingly, this was followed by a sharp
increase at the morula stage (n ¼ 30), then a sudden
decrease to levels similar to the eight-cell stage. The 5hmC
signal was symmetrically distributed between ICM and TE
cells at the blastocyst stage (n ¼ 30; Figs. 4B, 6A and C). In
summary, the dynamic tendency of the 5hmC during the
development of IVF cleavage-stage embryos was similar to
that in the IVV embryos.

The intensity of the 5mC signal remained constant in
the SCNT embryos from the two-cell to the eight-cell stage
(two-cell, n ¼ 32; four-cell, n ¼ 30; eight-cell, n ¼ 30). A
sharp decrease was observed at morula stage (n ¼ 30),
followed by a significant increase, which resulted in an
evenly distributed signal between ICM and TE cells at the
blastocyst stage (n ¼ 30; Fig. 4B). Furthermore, the semi-
quantification of average signal intensities revealed that
the expression levels of 5mC in SCNT preimplantation
embryos were higher than those in their IVV and IVF
counterparts (P < 0.05; Supplementary Fig. 3C). However,
the 5hmC signals were steadily and highly expressed
throughout the pre-implantation embryonic development
of the SCNT embryos (Fig. 4B; Supplementary Fig. 3C).
3.5. Expression levels of TET transcripts in porcine IVF and
SCNT cleavage-stage embryos

Quantitative real-time PCR showed that transcripts for
TET1, 2 and 3 are dynamically expressed in two-cell em-
bryos, four-cell embryos, and blastocysts derived from IVF
and SCNT. We found that the expression levels of TET1 and
TET2 were higher in the blastocysts than in the two-cell
and four-cell embryos (P < 0.05; Fig. 5A, A0 , B, B0). More-
over, TET3 showed relatively higher levels of expression in
the two- and four-cell embryos, but was not detectable at
the blastocyst stage (P < 0.05; Fig. 5C, C0). Hence, TET
transcripts are differentially expressed in the IVF and SCNT
cleavage-stage embryos.
3.6. Distinct patterns of 5mC and 5hmC in the ICM and TE
regions of porcine IVV, IVF, and SCNT blastocysts

An asymmetrical distribution of the 5mC signal was
displayed between the ICM and TE cells of both IVV (n ¼
15) and IVF blastocysts (n ¼ 30). However, a uniform 5mC
signal was observed between the two cell lineages of the
SCNT blastocysts (n ¼ 30). Here, the 5mC signal was much
stronger in the nuclei of ICM cells derived from the IVV and
IVF blastocysts than in the TE cells (P < 0.05; Fig. 6A, B).
However, there were no differences in 5mC signals be-
tween both ICM and TE cells of the SCNT blastocysts. On
the other hand, the 5hmC signal was similar between both



Fig. 4. 5-Hydroxymethlycytosine (5hmC) and 5-methylcytosine (5mC) signals during porcine in vivo fertilization, IVF, and SCNT cleavage-stage embryo devel-
opment. (A) Representative images of porcine in vivo cleavage-stage embryos stained with 5mC (green) and 5hmC (red) antibodies. (B) Dynamic changes of 5hmC
and 5mC during porcine IVF and SCNT cleavage-stage embryos development. Shown are representative images of porcine IVF and SCNT cleavage-stage embryos
stained with 5mC (green) and 5hmC (red) antibodies. Scale bar: 50 mm. White dash circle denotes inner cell mass.
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ICM and TE cells derived from IVV, IVF, and SCNT blasto-
cysts (Fig. 6A, C).

In addition, the 5mC signal intensity was significantly
higher in the nuclei of ICM or TE cells of SCNT blastocysts
when compared with both their IVV and IVF counterparts
(P < 0.05; Fig. 6B), but the 5hmC signal intensity remained
constant in the nuclei of ICM or TE cells among IVV, IVF, and
SCNT blastocysts (Fig. 6C).
4. Discussion

Previous studies indicated it was controversial for the
existence of active DNA demethylation in porcine paternal
pronuclei, perhaps because of the examination of different
embryonic developmental stages and genetic backgrounds
[11,26,27,36–38]. However, recent studies have confirmed
that the TET-mediated conversion of 5mC into 5hmC was
involved in active DNA demethylation in mouse ES and
zygotes [24,25,39].

In this study, we found that the 5hmC signal gradually
accumulated in the paternal and pseudo-pronuclei
derived from IVV, IVF, and SCNT in the first cell cycle, but
the conversion of 5mC into 5hmC did not exist in maternal
pronuclei obtained from IVV, IVF, and PA at the same
developmental stages. These data are consistent with the
results from the mice studies [25,40]. Furthermore,
the conversion of 5mC into 5hmC was not present in the
maternal genome, which might be because of distinct
differences in chromatin structure. Our findings showed
that the conversion of 5mC to 5hmC was inherently
mediated by the ooplasm, and was not a specific hallmark
of decondensed spermDNA alone. The 5hmC signal started
to accumulate at the PN3 stage (14 hpi or 12 hpa), which
coincided with DNA replication in the paternal and
pseudo-pronuclei obtained from IVF and SCNT [35]. This



Fig. 5. Ten-Eleven Translocation (TET) mRNA levels in porcine cleavage-stage embryos as measured by quantitative real time-polymerase chain reaction. Levels of
TET1 (A), TET2 (B), and TET3 (C) mRNA were measured by quantitative real time-polymerase chain reaction. two-cell embryos were used as calibrator sample
(expression set to 1). The results are the average of four replicates with error bars (standard error of the mean). The double asterisk (**) indicates extremely
significant differences between two-cell stage and indicated stages (P < 0.01).
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led us to investigate whether the appearance of 5hmC and
disappearance of 5mC were associated with DNA replica-
tion. One-cell embryos derived from IVF and SCNT incu-
bated with aphidicolin from PN1 to PN5 stage could not
replicate their DNA. We also found that the conversion of
5mC into 5hmC still occurred in the aphidicolin-treated
late stage (PN5) one-cell embryos. Therefore, we
confirmed that the conversion of 5mC into 5hmC was
indeed an active reactive process in porcine paternal and
pseudo-pronuclei in the first cell cycle. However, we found
that the expression level of TET1was higher in oocytes and
one-cell embryos than TET2 and TET3. Therefore, we hy-
pothesize that TET1 is predominantly responsible for the
dynamic generation of 5hmC in porcine one-cell embryos,
yet this process is different from data reported in mice
[25,40]. The differences observed between the murine and
porcine models may be because of differently evolved
mechanisms.

In general, the 5mC signal gradually decreased and
reached its lowest levels at the morula stage during the
development of cleavage-stage embryos derived from IVV,
IVF, and SCNT.We speculated that the loss of the 5mCmight
be a passive reactive process by a DNA-replication depen-
dent mechanism, and probably because oocyte-specific
DNA maintenance methyltransferase DNMT1 was only
present in the cytoplasm during the development from the
two-cell stage to the morula stage [41–44]. Moreover, the
dynamic 5mC and 5hmC expression patterns exhibited
similarities during the development of cleavage-stage em-
bryos derived from IVV and IVF. However, the expression of
5mC and 5hmC was significantly higher in the SCNT
cleavage-stage embryos than in their IVV and IVF counter-
parts (Fig. 7), which was indicative of the incomplete
reprogramming of 5mC and 5hmC at the same develop-
mental stages. This occurrence could lead to developmental
abnormalities within SCNTembryos. The hypermethylation
tendencyobservedduring thedevelopmentof porcineSCNT
cleavage-stage embryos is in accordancewith earlier studies
[45,46]. To the best of our knowledge, this is the first report
that abnormal hyperhydroxymethylation is enriched in the
genomes of SCNT embryos.

The 5mC signal was present in both types of cells (ICM
and TE) in blastocysts derived from IVV, IVF, and SCNT, yet
the signal differed in strength. These data support similar
studies performed in mice, pigs, and cattle [11,47,48]. The
5mC signal was significantly higher in ICM cells than in the
TE cells of IVV and IVF blastocysts, indicating an asymmet-
rical distribution of hypermethylation in ICM and hypo-
methylation in TE. These results are different than those
previously reported in humans and monkeys [49,50].
Several factors, including evolutionary pressure, external
environment, and experimental protocols,might contribute
to the discrepancy observed among different species. Thus,
segregation of 5mC expression in the ICM and TE could



Fig. 6. 5-Methlycytosine (5mC) and 5-hydroxymethlycytosine (5hmC) in inner cell mass or trophectoderm (TE) derived from porcine in vivo fertilization (IVV),
IVF, and SCNT derived blastocysts. (A) Representative images of IVV (first column), IVF (second column), and SCNT (third column) blastocysts stained with 5mC
(green) and 5hmC (red) antibodies. (B) Quantification of 5mC intensity ICM (blue line) or TE (red line) among IVV, IVF, and SCNT blastocysts. (C) Quantification of
5hmC intensity ICM (blue line) or TE (red line) among IVV, IVF, and SCNT blastocysts. Values are means � standard error of the mean. ** P < 0.01. Circle denotes
ICM regions.
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suggest that this process might play a role in the initial cell
lineage separation event. However, SCNT blastocysts dis-
played symmetrical distribution of 5mC between ICM and
TE cells, and even the 5mC signal in ICM and TE regions in
SCNT embryos was higher than in their IVV and IVF coun-
terparts. This indicates that ICM and TE cells derived from
SCNT had abnormal hypermethylation, which seemed to be
associated with aberrant gene expression in the SCNT
blastocysts. This occurrence could lead to developmental
failure of a cloned fetus or placenta [47].

Similar to the murine model [51], the 5hmC signal was
uniformly observed between ICM and TE regions in blas-
tocysts derived from IVV, IVF, and SCNT, and the 5mC signal
in ICM and TE regions was similar among all three kinds of
blastocysts examined. Previous research has shown that
5hmC can facilitate the expression of OCT4 by binding to its
promoter regions in mouse ICM regions and ES [20,52].
Moreover, porcine-fertilized blastocysts showed uniform
expression of OCT4 between ICM and TE cells [53]. Thus,
the unique expression patterns of 5hmC in porcine blas-
tocysts might lay foundation for the special requirements
of OCT4 expression.

On the other hand, we found that TET1 and TET2 genes
were highly expressed in blastocysts derived from IVF and
SCNT. It may be that TET1 and TET2 participate in the
maintenance of pluripotency in cells of ICM cell lineage in
porcine blastocysts. This has already been shown in mice
[20,54]. Furthermore, the 5hmC generated by TET1 and
TET2 might be involved in inhibiting the interaction be-
tween DNMT1- and TE-specific genes including TEAD4,
EOMES, and CDX2 [52]. This might indirectly increase the
expression of TE-specific genes and maintain the differen-
tiation characteristics of cells derived fromTE cell lineage in
porcine blastocysts.

Taken together, we delineated the dynamic reprog-
ramming model for 5mC (Fig. 7A) and 5hmC (Fig. 7B)
during early development of porcine IVV, IVF, and SCNT
embryos. On the one hand, 5mC is highly expressed in
porcine oocytes. After fertilization, the 5mC signal in
paternal genome is quickly repressed during pronuclear
maturation, but the 5mC signal in maternal genome re-
mains constant. Expression of 5mC derived from the
maternal genome decreases with DNA replication during
development from the two-cell stage to the morula stage.
Expression of 5mC shows asymmetric distribution be-
tween ICM and TE regions from the early stage to hatched
stage blastocysts. Porcine SCNT one-cell embryos also
show active demethylation, but 5mC expression is always



Fig. 7. Dynamic reprogramming model for 5-methylcytosine (A) and 5-hydroxymethlycytosine (5hmC) (B) during early development of porcine in vivo fertil-
ization, IVF, and SCNT embryos.
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higher in SCNT embryos than in their IVF counterparts
during development from the one-cell stage to the
morula stage. In addition, 5mC expression shows uniform
distribution between ICM and TE regions in SCNT em-
bryos from early stage to hatched stage blastocysts.
Expression of 5mC is higher in TE regions in SCNT blas-
tocyst than in their IVV and IVF counterparts. On the
other hand, 5hmC expression is low in porcine oocytes.
After fertilization, 5hmC expression in the paternal
genome rapidly increases and reaches a maximum level
at the PN5 stage during pronuclear maturation. Expres-
sion of 5hmC originating from the maternal genome is
constant throughout this stage, with levels equal to those
observed in oocytes. 5-Hydroxymethylcytosine from the
paternal genome gradually decreases and reaches a
minimum at the morula stage. The 5hmC signal is sym-
metrically distributed between ICM and TE regions in
fertilized blastocysts, and the 5hmC signal in blastocysts
is similar to that observed in PN5 stage embryos. In
contrast, the 5hmC signal during porcine SCNT one-cell
embryo development gradually increases. Then, 5hmC is
constant from the two-cell stage to the hatched blasto-
cyst stage.
5. Conclusions

5-Hydroxymethylcytosine may be involved in active
DNA demethylation in porcine IVV, IVF, and SCNT one-cell
embryos. In fertilized porcine early embryos, 5mC, but
not 5hmC, participates in the initial cell lineage specifica-
tion. In addition, aberrant reprogramming of 5mC and
5hmC was observed in porcine SCNT embryos during early
development.
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