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ABSTRACT Successful embryonic develop-
ment is dependent on the temporal and stage-specific
expression of appropriate genes. Currently, information
on specific gene expression during early cleavage-stage
embryos before zygotic gene activation (ZGA) is limit-
ed. In the present study, we compare gene expression
between porcine 2-cell and blastocyst stage parthe-
notes to identify genes that are specifically or pre-
dominantly expressed by employing annealing control
primer (ACP)-based GeneFishing PCR. Using 60 ACPs,
we identified and sequenced nine differentially ex-
pressed genes (DEGs). A BLAST search revealed that
cloned genes or ESTs (GDI-2, MTMR3, MKLNI,
NUPS88, ePAD, CIRHIM, UPF3B, ITGA2, and CGI-
140) had significant sequence similarities with known
genes (78-95%) of other species in the GenBank/
EMBL database. Real-time reverse transcriptase-poly-
merase chain reaction (RT-PCR) data disclosed that
these genes were regulated upstream in metaphase Il
(MI1) oocyte, 1-cell, and 2-cell stage embryos during
early pre-implantation. Similarly, upregulation was ob-
served in MIl mouse oocytes and 1-cell stage embryos
before ZGA, suggesting that these nine differentially
expressed orthologous genes play important roles
during early cleavage before ZGA. Further analysis of
the differentially expressed genes identified in this re-
port should provide the basis for research on early
cleavage and activation of the embryonic genome.
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INTRODUCTION

Mammalian oocytes are arrested at the Gy phase of
the first meiotic division. Following stimulation by
sperm or parthenogenetic factors, oocytes resume meio-
sis II and complete maturation, emitting the second
polar body. Male and female pronuclei form, and syn-
gamy occurs to initiate early embryo development.
Nuclear changes during oocyte maturation and fertili-
zation are coordinated with the movements of genetic
material and organelles, and biochemical changes in the
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cytoplasm to ensure normal embryo development. The
normality of early embryogenesis is directly related to
the ordered expression of these developmental pro-
grams (Van Blerkom, 1991).

Zygote transcription is silenced in the early stages
of embryo development to avoid inappropriate epi-
genetic modification. This period of nonpermissive state
for transcripts differs largely between species. Global
zygotic gene activation (ZGA) occurs at the 4—8-cell
stage in pigs and human (Braude et al., 1988; Hyttel
et al., 2000), and the 2-cell stage in mouse embryos
(Flach et al., 1982). The identities of early cleavage
embryo-specific genes before ZGA remain to be resolved.

Despite considerable efforts to identify these genes,
conventional differential display-methods are labor-
intensive, and lead to a high degree of false positives.
Novel ACP-based DD-reverse transcriptase-polymerase
chain reaction (RT-PCR) technology regulated by an
annealing control primer (ACP) has been used to iden-
tify differentially expressed genes in embryos (Hwang
et al., 2004). This method specifically targets sequence
hybridization to the template via a polydeoxyinosine
[poly (dD)] linker (Hwang et al., 2003). The basis of ACP
technology is the unique tripartite structure of a specific
oligonucleotide primer (ACP, annealing control primer),
which contains distinct 3'- and 5’-end regions separated
by a regulator, and the interactions of each portion of
this primer during two-stage PCR (Hwang et al., 2003).
The ACP-based PCR system facilitates the identification
of differentially expressed genes (DEGs) from samples
displaying low mRNA levels without generating false
positives (Hwang et al., 2004).

To identify the genes specifically or predominantly
expressed in oocytes and early cleavage-stage embryos,
we compared the mRNA profiles of porcine parthenotes
at the 2-cell and blastocyst stages using ACP-based DD-
RT-PCR. Nine specific DEGs in porcine pathenotes at
the 2-cell stage were cloned, and expression patterns
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further analyzed during the early preimplantation
period (from MII oocyte through to the blastocyst stage)
in both porcine parthenotes and mouse embryos, using
real-time RT-PCR. These genes included cytoskeleton
reorganization (GDI-2, MTMR3, MKLN1, and ePAD),
nucleocytoplasmic traffic (NUP88), nonsense-mediated
mRNA decay (UPF3B), cell migration, and cell-cycle
progression (ITGA2), and unclassified gene (CIRHIM
and CG1140). The possible roles of these genes in oocyte
maturation and early cleavage in embryos are further
discussed.

MATERIALS AND METHODS
Generation of Porcine Parthenotes

Prepubertal porcine ovaries were collected from a
local slaughterhouse, and transported to the labora-
tory at 25°C in Dulbecco’s phosphate-buffered saline
(dPBS) supplemented with 3.05 mM p-glucose, 0.91 mM
sodium pyruvate, 75 ug/ml potassium penicillin G, and
50 pg/ml streptomycin sulfate. Cumulus—oocyte com-
plexes (COCs) were aspirated from follicles 3 to 6 mm in
diameter with an 18-G needle into a disposable 10-ml
syringe.

For metaphase II (MII) oocytes, COCs were washed
three times with HEPES-buffered Tyrode’s medium
containing 0.1% (w/v) polyvinyl alcohol (HEPES-TL-
PVA). Each group comprising 50 COC was matured in
500 pl tissue culture medium (TCM)-199 (with Earle’s
salts; Gibco, Grand Island, NY) supplemented with
3.05 mM bp-glucose (Sigma, St. Louis, MO), 0.91 mM
sodium pyruvate (Sigma), 75 pg/ml potassium peni-
cillin G (Sigma), 50 pg/ml streptomycin sulphate
(Sigma), 0.57 mM cysteine (Sigma), 10 ng/ml EGF
(Sigma), 10 IU/ml PMSG (Sigma), and 10 IU/ml hCG
(Sigma) under paraffin oil at 39°C for 44 hr (Wang and
Day, 2002). Following maturation, cumulus cells were
removed.

For other experiments, oocytes were activated by two
direct pulses of 140 V/mm for 50 psec in 0.28 mol/L
mannitol supplemented with 0.1 mmol/L. MgSO,, and
0.05 mmol/L CaCl,. After 3 hr culture in North Carolina
State University (NCSU), 23 medium containing
7.5 ng/ml cytochalas in B (CB, Sigma), embryos were
washed three times in NCSU 23 medium with 0.4% (w/v)
BSA and cultured in the same medium for 24 hr at 39°C
in an atmosphere of 5% CO; and 95% air. During
culture, 1-cell, 2-cell, 4-cell, morula, and blastocyst-
stage embryos (10, 24, 48, 96, and 144 hr after partheno-
genetic activation, respectively) were harvested. Next,
embryos were washed in Ca®"- and Mg?*-free PBS,
snap-frozen in liquid nitrogen, and stored at —70°C until
use.

Generation of Mouse Embryos

To obtain fertilized embryos, 5-week-old B6C3 F1
female mice (C57BL/6 female x C3H/He male) were
induced to superovulate by intraperitoneal injection of
pregnant mare serum gonadotropin (PMSG, 5 IU) and
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human chorionic gonadotrophin (hCG, 5 IU) 48 hr apart.
Fertilized zygotes were harvested from mated female
mice at 16 hr after hCG injection. Embryos were washed
twice in M2, twice in M 16 medium, and cultured in M16
medium at the 4-cell or blastocyst stage at 37°C in an
atmosphere of 5% COg and 95% air. For other experi-
ments, 1-cell, 2-cell, 4-cell, morula, and blastocyst stage
embryos were harvested. Embryos were washed in
Ca®"- and Mg?"-free PBS, snap-frozen in liquid nitro-
gen, and stored at —70°C until use.

mRNA Extraction

Using an oligo(dT)e5 nucleotide attached to magnetic
beads (Dynabeads mRNA purification kit; Dynal, Oslo,
Norway), mRNA samples were prepared from pools of
2C (porcine parthenotes at 2-cell stage; n=25) and Bl
(porcine parthenotes at blastocyst embryos; n=5) for
RT-PCR, 2C (n=250), and Bl (n=50) for ACP-based
differential display, and MII (metaphase II; n =20), 1C
(1-cell; n=20), 2C (2-cell; n=20), 4C (4-cell; n=20),
Mo (morula; n=20), and Bl (blastocyst; n =20) stages
in porcine parthenote oocytes or embryos, and mouse
oocytes or embryos for real-time RT-PCR, respectively.
The mRNA samples were prepared from embryo pools
during pre-implantation stages, using an oligo(dT)s5
nucleotide attached to magnetic beads (Dynabeads
mRNA purification kit; Dynal), following the manufac-
turer’s instructions. Briefly, embryos were resuspended
in 100 pl lysis/binding buffer (100 mM Tris-HCI, pH 7.5,
500 mM LiCl, 10 mM EDTA with pH 8.0, 1% LiDS, 5 mM
DTT), and vortexed at room temperature for 5 min to
facilitate the lysis of the embryo and release of RNA.
An oligo(dT),5 magnetic bead suspension (50 pl) was
added to samples and incubated at room temperature
for 5 min. Hybridized mRNA and oligo(dT) magnetic
beads were washed twice with washing buffer A (10 mM
Tris-HCL, pH 7.5, 0.15 M LiCl, 1 mM EDTA, 1% LiDS)
and once with washing buffer B (10 mM Tris-HCl
with pH 7.5, 0.15 M LiCl, 1 mM EDTA). Finally, nRNA
samples were eluted in 15% double-distilled DEPC-
treated water.

RT-PCR

For first-strand ¢cDNA synthesis, oligo(dT);5_1g pri-
mer was added to the mRNA solution isolated from 2-cell
stage parthenote embryos and blastocyst stage parthe-
note embryos, using oligo(dT) attached magnetic beads
(Dynabeads mRNA purification kit; Dynal). The RT mix
contained 1x RT buffer, 10 mM dithiothreitol (DTT),
0.5 mM of each dNTP, 10 U of RNasin ribonuclease
inhibitor, and 200 U of SuperScript II reverse tran-
scriptase (Invitrogen, Karlsruhe, Germany). Reverse
transcription was performed at 42°C for 90 min, followed
by heating at 94°C for 2 min to inactivate the reaction.
The final volume was increased to 50 pl with ultra-
purified water, and all cDNA samples were stored at
—20°C until amplification. PCR was performed in a
final volume of 50 pl containing 5 ul cDNA samples, 2mM
MgCl,, 50 mM KCI, 10 mM Tris-HCI (pH 8.3), 1.2 mM
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dNTPs, 0.4 pM primers, and 2 U of Taq polymerase
(TaKaRa, Shiga, Japan). ESTs cloned from ACP differ-
ential display were amplified with primers specified in
Table 2. For each RT-PCR reaction, internal histone H2a
and negative (blank) controls were included. After an
initial denaturation step of 3 min at 94°C, 35—40 ampli-
fication cycles were performed. Each cycle involved
denaturation at 94°C for 1 min, annealing at 55°C for
1 min, and extension at 72°C for 1 min. A final extension
step of 5 min at 72°C was performed to complete the
reaction. Next, 25% of the PCR products were electro-
phoresed on a 1.5% agarose gel, stained with ethidium
bromide, and visualized by exposure to ultraviolet light.
Images were obtained using GELMANAGER apparatus
(Prime-Tech, Seoul, Korea).

ACP-Based Differential Display

First-strand cDNA synthesis. Messenger RNA
(mRNA) extracted from 2-cell stage parthenote embryos
and blastocyst stage parthenote embryos using oligo(dT)
attached magnetic beads (Dynabeads mRNA purifica-
tion kit; Dynal) were employed for the synthesis of first-
strand cDNA by reverse transcriptase, as described by
Hwanget al. (2003). Reverse transcription was perform-
ed for 1.5 hr at 42°C in a final reaction volume of 20 ul
containing purified mRNA, 4 pl of 5x reaction buffer
(Promega, Madison, WI), 5 ul dNTPs (each 2 mM), 2 ul
of 10 uM cDNA synthesis primer dT-ACP1, 0.5 pl of
RNasin Plus RNase Inhibitor (40 U/ul; Promega), and
1 ul of Superscript II reverse transcriptase (200 U/ul;
Invitrogen, Carsbad, CA). First-strand cDNA samples
were diluted by the addition of 150-ul ultra-purified
water.

ACP-based PCR. Second-strand ¢cDNA synthesis
and subsequent PCR were conducted in a single tube.
Second-strand ¢cDNA synthesis was performed at 50°C
(low stringency) during one cycle of first-stage PCR in a
final reaction volume of 49.5 ul containing 1 ul diluted
first-strand ¢cDNA, 5 ul of 10x PCR reaction buffer
(Roche Applied Science, Mannheim, Germany), 5 pl
dNTP (each 2 mM), 1 ul of 10 uM dT-ACP2, and 1 ul of
10 pM arbitrary primer preheated to 94°C. The reaction
mixture was incubated at 94°C, and 0.5 pl Taqg DNA
Polymerase (5 U/ul; Roche Applied Science) was added.
The PCR protocol for second-strand synthesis included
one cycle at 94°C for 1 min, followed by 50°C for 3 min,
and 72°C for 1 min. After the completion of second-
strand DNA synthesis, 40 cycles were performed. Each
cycleinvolved denaturation at 94°C for 40 sec, annealing
at 65°C for 40 sec, extension at 72°C for 40 sec, and a final
extension step of 5 min at 72°C to complete the reaction.
Amplified products were separated on 2% agarose gels,
and stained with ethidium bromide.

Cloning and transformation. Differentially ex-
pressed bands were extracted and cloned into a TOPO
TA cloning vector (Invitrogen, Karlsruhe, Germany),
following the manufacturer’s instructions. To confirm
the identities of insert DNA, isolated plasmids were
sequenced automatically (Applied Biosystems, ABI).
Complete sequences were analyzed by searching for

similarities using a BLASTX program at the National
Center for Biotechnology Information (NCBI) GenBank.

Real-Time RT-PCR Quantification

To validate the results of ACP-based differential
display and determine the levels of target sequence
mRNA, real-time quantitative PCR was performed
using mRNA isolated from pools of MII stage oocytes,
in vitro-produced parthenote 1-cell, 2-cell, 4-cell, morula,
and blastocyst stage embryos of porcine and MII stage
oocytes, and in vitro-produced 1-cell, 2-cell, 4-cell,
morula, and blastocyst stage embryos of mouse. Due to
the relatively small number of embryos, RNA isolation
was performed using oligo(dT) attached magnetic beads
(Dynabeads mRNA purification kit; Dynal) following
the manufacturer’s instructions, as described above.
The mRNA samples were eluted in 30 pl double-distilled
DEPC-treated water and reverse transcription (RT) was
performed in 50 mM Tris-HCI (pH 8.3), 756 mM KCI,
6 mM MgCly, 2 mM DTT, 1 mM of each dNTP, 20 U of
RNase inhibitor, and 200 U of Superscript II (Invitro-
gen, Carlsbad, CA). The reaction mixture was incubated
at 42°C for 90 min, and 94°C for 2 min. Prior to real-time
PCR, sequence-specific primers were designed from
DEGs cloned from ACP-based differential display using
Primer3 Software v0.2¢ (http://www.broad.mit.edu/cgi-
bin/primer/primer3.cgi). For optimal quantification,
parameters were set to design primer sequences with a
melting temperature (T,,,) of 55—65°C, no 3’ end com-
plementarity (to avoid primer-dimer formation), and a
product size of 150—300 bp. The sequences and product
sizes of all specific primers are listed in Table 2. PCR
reactions were conducted in DNA Engine OPTICON2
(MdJ Research) and detected with SYBR Green, a double-
stranded DNA-specific fluorescent dye included in the
SYBR Green qPCR premix (FINNZYMES). Prior to
quantification, optimization procedures were performed
by running PCR reactions (with or without purified
template) to identify the melting temperatures of primer
dimers and specific products. Standard curves were
calculated using the verified DNA as template for por-
cine histone 2a or mouse histone 2a, and five serial
dilutions were used, ranging from 100 pg to 1 fg. For the
histone 2a housekeeping gene, all samples were quanti-
fied simultaneously during the same run. PCR reactions
were performed in 20 pl reaction buffer containing 10 pl
2x SYBR Green premix, 1 ul of forward and reverse
primers (5 pmole/ul), and 1 ul embryonic cDNA (0.1 blas-
tocyst/ul equivalent). Each PCR run was performed
in triplicate to control the reproducibility of quantita-
tive results. The following amplification program was
employed: preincubation for HotStart polymerase acti-
vation at 95°C for 15 min, followed by 45 amplification
cycles of denaturation at 95°C for 1 min (2°C/sec),
annealing at 55°C for 1 min (2°C/sec), elongation at 72°C
for 1 min (2°C/sec), and acquisition of fluorescence at
72 or 80°C for 1 sec. After the end of the last cycle, the
melting curve was generated by starting fluorescence
acquisition at 65°C, and taking measurements every
0.2°C until a temperature of 95°C. Product sizes were
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confirmed by electrophoresis on a standard 1.5% agarose
gel stained with ethidium bromide, and visualized by
exposure to ultraviolet light.

Statistical Analysis

The general linear models (GLM) procedure in the
Statistical Analysis System (SAS User’s Guide, 1985,
Statistical Analysis System, Inc., Cary, NC) was used to
analyze the data from all experiments. Significant dif-
ferences were determined using Tukey’s Multiple Range
Test (Steel and Torrie, 1980) and P values of <0.05 were
considered significant.

RESULTS
DEGs in Porcine Parthenote 2-Cell Embryos

To identify the genes specifically or predominantly
expressed at the 2-cell stage, we compared the mRNA
expression profiles of porcine parthenotes at the 2-cell
and blastocyst stages. Accordingly, mRNA sequences
from both types of embryos were extracted and subject-
ed to ACP-based RT-PCR, using a combination of 60
arbitrary primers and two anchored oligo(dT) primers of
ACP-based GeneFishing PCR kit (See-Gene, Seoul,
Korea). Among the 200 amplicons analyzed, nine of
these bands were only identified in parthenote 2-cells or
markedly upregulated at the 2-cell stage, compared to
parthenote blastocyst embryos (Fig. 1).

The functional roles, sequence similarities, and char-
acterization of differentially expressed transcripts are
summarized in Table 1. BLASTN and BLASTX searches
in NCBI GenBank revealed that DEGs (C1, C7,C8, C12,
C15, C16, C21, C25, and C27) displayed significant
similarities with known genes or ESTs (Table 1). These
differential display patterns between 2-cell and blas-
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Fig. 1. A representative diagram of the annealing control primer
(ACP) system, and results of ACP-based PCR for identification of
differentially expressed gene (DEGs) from two developmental stages.
Messenger RNA (mRNA) from 2-cell (2C) and blastocysts (Bl) are
employed for the synthesis for first-strand cDNA using dT-ACT1. Using
a combination of dT-ACP2 (reverse primer) and 60 arbitrary ACPs
(forward primer), second-strand cDNA sequences were amplified
during second-stage PCR, separated for differentially expressed genes
(DEGs) on 1.5% standard agarose gels, and stained with ethidium
bromide for visualization. The following primer combinations (5’ and 3')
were used: ACP22, ACP22 + dT-ACP2; ACP23, ACP23 + dT-ACP2;
ACP24, ACP24 + dT-ACP2. Bands were excised from the gel for further
cloning and sequencing.
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tocyst stage embryos assessed by RT-PCR were re-
producible (Fig. 2). All genes or ESTs identified and
characterized in this study have been submitted to
GenBank and assigned accession numbers (Table 2).

Confirmation of ACP Data
by Real-Time RT-PCR

To confirm the efficacy of the ACP system and fur-
ther determine the stage-specific expression patterns
of the EST genes identified, fluorescence-monitored
quantitative real-time RT-PCR analysis was employed.
Sequence-specific primers were designed to amplify
products ranging from 100 to 297 bp (Table 2). To nor-
malize the real-time RT-PCR reaction efficiency, histone
H2a was used as an internal standard. The expression of
this housekeeping gene did not vary between the dif-
ferent stages (Robert et al., 2002). Real-time RT-PCR
results are presented as n-fold differences in expression,
compared to the blastocyst stage, which is used as a
calibrator. Quantitative expression patterns of all dif-
ferentially expressed genes and ESTs are presented in
Figure 3. The data reveal that all our target transcripts
exhibit expression patterns consistent with the results
of ACP-based differential display, when compared at the
2-cell embryo and blastocyst stages. We further confirm-
ed these dynamic expression changes during the early
pre-implantation period (from MII oocyte to blastocyst
stages) using real-time RT-PCR.

Real-time RT-PCR analysis allowed the categoriza-
tion of target transcripts into two groups on the basis of
expression. MTMR3 (C7), MKLN1 (C8), NUPS8S (C12),
ePAD (C15), CIRHIM (C16), UPF3B (C21), and CGI-140
genes (C25) displayed similar expression patterns.
Transcripts were initially observed at the metaphase
of the second meiotic division (MII) oocyte stage where
maximal expression occurred, and progressively de-
creased from the 1-cell stage to the 4-cell stage. MTMR3
(C7), MKLN1 (C8), NUPS88 (C12), ePAD (C15), CIRHIM
(C16), UPF3B (C21), and CGI-140 gene (C25) tran-
scripts were expressed at higher levels in 2-cell stage
embryos, relative to the blastocyst stage. GDI-2 (C1) and
ITGA2 (C25) displayed similar expression patterns.
These transcripts gradually increased from the 1-cell to
2-cell stage where expression reached maximum levels.
Higher levels of GDI-2 (C1) and ITGA2 (C25) were ob-
served at the 2-cell stage, compared to the blastocyst
stage, respectively.

Analysis of Expression Profiles of Murine
Orthologous Genes by Real-Time RT-PCR

To analyze the expression profiles of murine ortho-
logous genes of nine DEGs derived from porcine
parthernote 2-cell embryos, fluorescence-monitored
quantitative real-time RT-PCR analysis was employed.
Sequence-specific primers were designed to amplify pro-
ducts with lengths ranging from 115 to 238 bp (Table 2).
We additionally showed dynamic expression changes of
mouse orthologous DEGs during the early pre-implan-
tation period (from MII oocyte to blastocyst stage).
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TABLE 1. Sequence Similarities and Characterization of Differentially Expressed Transcripts

GenBank
accession
Functional role Identity Clone number Homology
Cytoskeleton reorganization GDP-dissociation inhibitor C1 U07951 Mouse 89% (1,223/1,363)
2 (GDI-2)
AF027361 Dog 88% (1,182/1,337)
NM 001494 Human 87% (1,185/1,357)
BC002834 Rat 85% (BC061767)
Myotubularin related C7 NM_021090 Human 95% (305/318)
protein3 (MTMR3)
AK122261 Mouse 91% (281/307)
Intracellular mediator C8 BC002834 Human 89% (BC002834)
containing kelch
motifs (MKLN1)
U72194 Mouse 95% (309/324)
NM_031359 Rat 92% (301/324)
Peptidyl arginine deiminase C15 XM_372767 Human 87% (217/248)
(ePAD)
XM _233601 Rat 80% (264/330)
BC053724 Mouse 78% (313/397)
Nucleocytoplasmic traffic Nucleoporin 88 (NUP88) C12 AJ532593 Mouse 91% (515/565)
BC000335 Human 90% (517/572)
NM_053616 Rat 89% (508/565)
Nonsense-mediated mRNA decay UPF3 regulator of nonsence C21 NM 023010 Human 82% (146/178)
transcripts homolog B
(UPF3B)
XM_233312 Rat 80% (135/167)
XM _110787 Mouse 84% (81/96)
Cell migration and cell-cycle progression  Integrin alpha 2 subunit C25 L25886 Bovine 90% (196/216)
(ITGA2)
NM_002203 Human 88% (188/212)
AB067445 Rat 81% (176/215)
AK051050 Mouse 80% (173/216)
Unclassified Cirrhosis, autosomal C16 BC009348 Human 93% (405/435)
recessive 1A (CIRHIM)
NM_011574 Mouse 88% (359/406)
XM _214663  Rat 89% (317/354)
CGI-140 protein (CGI-140) C27  AF151898 Human 90% (325/360)
AK010893 Mouse 88% (290/326)
XM 213835 Rat 88% (288/326)

Target transcripts were categorized into three groups
on the basis of expression. Mouse orthologous GDI-2
(C1), MTMR3 (C7), and NUPS88 (C12) genes displayed
similar expression patterns. These transcripts were ini-
tially observed at the MII oocyte stage where maximal
expression occurred, and progressively decreased from
the MII to 2-cell stage.

Mouse orthologous GDI-2 (C1), MTMR3 (C7), and
NUPS88 (C12) gene transcripts were expressed at higher
levels at the 1-cell stage embryo stage, relative to the
blastocyst stage. MKLN1 (C8), ePAD (C15), CIRHIM
(C16), UPF3B (C21), and ITGA2 (C25) additionally ex-
hibited similar expression patterns. Transcript levels
were gradually increased from the MII stage to 1-
cell stage, where expression reached maximum levels.
Higher levels of MKLN1 (C8), ePAD (C15), CIRHIM
(C16), UPF3B (C21), and ITGA2 (C25) were expressed at
the 1-cell stage, compared to the blastocyst stage.

DISCUSSION

Fertilization occurs when a spermatozoon pene-
trates an oocyte. The fertilized oocyte, designated zygote

(one-cell stage embryo), starts a series of complex
morphological changes, including several early cleavage
divisions, activation of zygotic transcription, blstomere
compaction, formation of blastocyst cavity, differen-
tiation of inner cell mass, and trophectoderm before
implantation into the uterus (Pedersen and Burdsal,
1994). Thus, to further elucidate the molecular basis of
pre-implantation development, it is of interest to iden-
tify and characterize differentially expressed genes.
In many cases, our basic understanding of gene expres-
sion during early porcine embryogenesis is based on
data extrapolated from mouse. Therefore, the identi-
fication of novel genes and analysis of function before
ZGA during porcine pre-implantation embryogenesis
(particularly oocytes and early cleavage-stage embryos)
is necessary.

It is difficult to obtain pig embryos of homogeneous
quality due to the relatively high incidence of poly-
spermy during in vitro fertilization. Therefore, diploid
parthenotes have frequently been used to study early
development in the pig (Van Thuan et al., 2002). In this
study, we used porcine presumptive diploid parthe-
notes, developed to the blastocyst stage at a relatively
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TABLE 2. Sequence-Specific Primers Used for Quantification of Differentially Expressed Transcripts

Product GenBank accession
Clonename  Species Primer Sequence length (bp) number
C1 Pig Forward reverse 5'-CTGGGGCTGTGTGCAGTTTG-3'; 170 AY553929
5-CCAAACGCGTAGCTGTGCTG-3
Mouse  Forward reverse 5-GACGCCAACTCCTGCCAGAT-3; 188 U07951
5-GGTTCCAAAAGCTCCAGGGC-3
C7 Pig Forward reverse 5-TGCCTCCCTCCCTCTTG-3'; 237 AY553930
5-GCTCTTGGCTTTTGCCTGGA-3'
Mouse Forward reverse 5-GGCCCCAGCCTCTCTTTGTT-3; 238 BC0321665
5-GGACTTGGGAAGGCAGCAGA-3’
C8 Pig Forward reverse 5'-GGCTTTTCGGATGTGGATCA-3'; 231 AY553928
5-TCTGGTGCAGTCCTCGGTCA-3’
Mouse Forward reverse 5-AGAGGGGGCCATCAAAATGGT-3/; 175 BC013703
5-GACACGATCTGGCACTCGGA-3
C12 Pig Forward reverse 5-AGGGAGATTTCAGCGGAGGG-3'; 112 AY553927
5-CGCTCAGCCATITCCCGTAG-3’
Mouse Forward reverse 5-TGCCAACCCAGCATTTCTCA-3; 167 AJ532593
5-TGACCCTCCGCTGAATCTCC-3’
C15 Pig Forward reverse 5'-TTCTAATGGGAGGGAGGCCC-3'; 173 AY553925
5-GCTCCAGGCAGAAGAGCTGC-3
Mouse Forward reverse 5-AACCAGCAGAGCACCAAACT-3; 244 AF529423
5-GCACAGACGTCCCCTATGTT-3'
C16 Pig Forward reverse 5'-TCCAAAATGCCAGCGTTCCT-3/; 124 AY553924
5-TGAAGCTTCCCTCCAGCAGC-3’
Mouse  Forward reverse 5-TTGCATACTTTCCAGCCGA-3; 201 NM_011574
5-GTTGTTGGTATTGGGGGCGA-3’
C21 Pig Forward reverse 5-GGGAGCGGGATTATGAGCGT-3; 100 AY553923
5-TCATAGCGCTCCTTCTGCCT-3'
Mouse  Forward reverse 5-AGGAAACCGGAAAAAGGAGA-3; 227 XM_110787
5-ATCATGCGCTCCTGATCTCT-3’
C25 Pig Forward reverse 5'-AGCAGCAGCATCACAGCCAG-3; 245 AY553922
5-TAAACTCCGGACCAGCCAGC-3’
Mouse Forward reverse 5-CAAAGCATTGCTGACGTGGC-3; 167 BC065139
5-TCCGCATCAAGCGTCATGTT-3
C27 Pig Forward reverse 5'-CCCGCCCAGTGAGTGTAACC-3'; 297 AY553921
5-AGAGGGGTCCAGGATGGGAC-3’
Mouse Forward reverse 5-GGGTTGCTGTCTACTGCTCC-3'; 115 CK129509
5-AGATAGGACATCACCACGGC-3'
H2a Pig Forward reverse 5-TTTCCGCGGTCAGGTACTCC-3'; 177 BF703857
5-TTTCCGCGGTCAGGTACTCC-3
Mouse Forward reverse 5-TAACGGCCGAGATCCTGGAG-3'; 196 U62674

5-TGGCTCTCCGTCTTCTTGGG-3’

high rate (>50%) in the presence of BSA (Cui et al.,
2004), and describe accurate and extensive PCR tech-
nology regulated by an annealing control primer (ACP;
Seegene, Seoul, Korea). The ACP-based PCR system

2C Bl

c1
c7
cs N

2C Bl

cre
c21
c2s
= T — —
= = —

Fig. 2. Differential expression of genes/sequences between two
developmental stages. Expression patterns of DEGs (C1, C7, C8, C12,
C15,C16,C21, C25, C25, and C27) assessed by RT-PCR were compared
with those of embryo-derived RNAs expressed at two developmental
stages (2C: 2-cell, Bl: blastocyst). Amplified DNA products were
separated on a 1.5% standard agarose gel, and stained with ethidium
bromide. Porcine histone H2a was employed as a control to confirm the
integrity of the mRNA samples.

facilitates the identification of differentially expressed
genes (DEGs) from samples displaying low mRNA levels
without generating false positives (Hwang et al., 2003).
In the present study, we employ this system to analyze
genes that are differentially expressed between porcine
parthenotes in 2-cell and blastocyst stage embryos pro-
duced in vitro. A better knowledge of gene expression
patterns during preimplantation should provide an in-
sight into the molecular mechanisms regulating parti-
cularly early cleavage during pre-implantation, as well
as the events that may compromise early embryonic
mortality.

Using dT-ACP2 (reverse primer) and 60 arbitrary
ACPs (forward primer) for amplification, we displayed
hundreds of embryonic cDNAs for comparative anal-
ysis. The majority of differentially expressed cDNA
bands were conserved in porcine parthenotes at either
the 2-cell or blastocyst stage (Fig. 1). Subsequently, nine
DEGs of 2-cell specific cDNA bands were identi-
fied, and transcripts confirmed by RT-PCR (Fig. 2). In
addition, real-time quantitative RT-PCR was employ-
ed to quantify stage-specific expression of these tran-
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Fig. 3. Relative expression levels of DEGs derived from porcine 2-cell embryos throughout the pre-
implantation stages, as quantified by real-time RT-PCR. mRNA from pools of metaphase IT (MII), 1-cell
(10C), 2-cell (2C), 4-cell (4C), morula (Mor), and blastocyst (Bl) stages were reverse transcribed, and
subjected to real-time quantitative PCR using transcript-specific primers (Table 2). All PCR reactions were
conducted in triplicate, and normalized for histone H2a mRNA expression. Each of these relative values
was further divided by the value of the calibrator (blastocyst stage), and relative expression is presented as
n-fold difference compared to the calibrator (blastocyst (Bl) stage). Data are presented as means + SD (bars)

of triplicate determinations.

scripts throughout pre-implantation development
(Figs. 3 and 4). Sequence analysis results reveal that
all cloned ESTs share significant similarity with human,
mouse, rat, and bovine genes available in GenBank
(Table 1). A total of nine DEGs exhibited significantly
higher sequence similarity (80—100%) with the coding
regions of known genes. Moreover, a higher degree of
similarity was observed between our ESTs and known
human, mouse, and rat genes, suggesting that our cDNA
clones are possibly the porcine homologs of the corre-
sponding genes in these organisms.

The Rab guanosine diphosphate dissociation inhibitor
2 (GDI-2) gene is a member of the GDP-dissociation
inhibitor family, which includes GDI-1 (Sedlacek et al.,
1994; Bachner et al., 1995). GDP dissociation inhibitors
(GDIs) are proteins that regulate the GDP-GTP ex-
change reaction of members of the Rab family, small
GTP-binding proteins of the ras superfamily involved
in vesicular trafficking of molecules between cellular
organelles (Simons and Zerial, 1993). In yeast, GDI is
essential for cell viability. Cells depleted of GDI dis-
play multiple defects in protein transport (Garrett
et al., 1994), indicating that the protein possibly plays
an essential role in development in higher organisms.

During the early cleavage stage of pre-implantation,
GDI-2 may play a pivotal role in vesicular transport.
Myrotubularin-related protein 3 (MTMR3) belongs
to the myrotubularin (MTM) family of dual-specific
phosphatases that use phosphatidylinositol (PI) 3,5-
bisphosphate [PI(3,5)P2] and PI 3-phosphate [PI(3)P] as
substrates (Walker et al., 2001; Berger et al., 2002;
Schaletzky et al., 2003). [PI(3)P] palys a key role in
vesicular trafficking and membrane transport (Corvera
et al., 1999; Odorizzi et al., 2000). [PI(3)P] may be
further phosphorylated on multiple sites of the inositol
ring to generate distinct second messengers, which
are involved in important cellular processes, such as
cell survival, proliferation, differentiation, and cyto-
skeleton reorganization (Gaullier et al., 1998; Gillooly
et al., 2000). [PI(3,5)P5], another substrate of MTMR3,
is synthesized from [PI(3)P] by phosphoinositide 5-
kinase with a FYVE domain (PIKfyve) (Sbrissa et al.,
1999). [PI(3,5)P;] is additionally crucial for the recycl-
ing of membranes from vacuoles and lysosomes (Gary
et al.,, 1998) and regulates the sorting of membrane
protein cargo into the vacuole through endosomal
multivesicular bodies (Odorizzi et al., 1998). These
findings collectively suggest that during the early pre-
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Fig. 4. Relative expression of murine orthologous genes of DEGs derived from porcine 2-cell embryos
throughout the pre-implantation stage quantified by real-time RT-PCR. mRNA from pools of MII, 1-cell
(10), 2-cell (2C), 4-cell (4C), morula (Mor), and blastocyst (Bl) stages were reverse-transcribed and subjected
to real-time quantitative PCR, using transcript-specific primers (Table 2). All PCR reactions were
conducted in triplicate, and normalized for histone H2a mRNA expression. Each of these relative values
was further divided by that of the calibrator (blastocyst stage), and relative expression is presented as
n-fold expression difference, compared to the calibrator (blastocyst (Bl) stage). Data are presented

as means + SD (bars) of triplicate determinations.

implantation period, MTM3R plays key roles in many
fundamental cellular processes, including growth, sur-
vival, motility, and membrane trafficking.

MKLNT1 (also referred to as muskelin) is a RanBPM-
binding protein, identified by the yeast two-hybrid
method using RanBPM c¢cDNA as bait (Umeda et al.,
2003). MKLN1 contains the Lish-CTLH motif, charac-
teristic of proteins involved in microtubule dynamics,
cell migration, nucleokinesis, and chromosome segrega-
tion (Koepp and Silver, 1996; Sazer and Dasso, 2000;
Clarke and Zhang, 2001; Dasso, 2001, 2002; Hetzer et al.,
2002). Additionally, MKLN1 was identified as a novel
intracellular mediator of cell adhesive and cytoskeletal
response to thrombospondin-1 (TSP-1), a regulated
macromolecular component of the extracellular matrix
(Adams et al., 1998). Although MKLN1 is required for
cell adhesion and spreading on TSP-1, the exact
molecular mechanism for the function of muskelin
within cells is currently unknown.

ePAD (representing ‘egg and embryo-abundant PAD’)
is one of the peptidylarginine deiminases (PADs), a
family of calcium-dependent sulfhydryl enzymes that
convert arginine to citrulline in proteins (Senshu, 1990).
Mouse ePAD is also expressed in immature oocytes,
mature eggs, and through the blastocyst stage of embry-

onic development where expression levels begin to
decrease (Paul et al., 2003). Immunoelectron micro-
scopy disclosed that ePAD localized to egg cytoplasmic
sheets, a unique keratin-containing intermediate fila-
ment structure identified only in mammalian eggs
and early embryos, which undergoes reorganization at
critical stages of development (Capco and McGaughey,
1986; Callicano et al., 1992; Gallicano et al., 1994).
The finding that ePAD is associated with egg cyto-
plasmic sheets suggests that arginine deiminase re-
actions directed against cytokeratin, and possibly other
proteins, results in reorganization of the cytoskeleton
during early pre-implantation.

NUPS88 was identified as a novel nuclear pore com-
plex (NPC) component by coprecipitation with CAN
(Fornerod et al., 1997). The C-terminal region of NUP88
contains sequences that are predicted to form a coiled-
coil, an interaction domain often identified in NPC
(nuclear pore complex) proteins. Depletion of CAN from
NPC results in concomitant loss of NUP88, indicating
that localization of NUP88 to NPC is dependent on CAN
binding (Fornerod et al., 1997). NUP88 is specifically
critical for cell-cycle progression, and required for both
nuclear protein import and mRNA export during early
preimplantation.
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UPF3B is one of a number of proteins (UPF2, UPF3A,
and UPF3B) involved in nonsense-mediated decay
(NMD), and performs a nucleocytoplasmic shuttling
function. Eukaryotic cells have a conserved surveillance
mechanism, which ensures correct processing of mRNA
(Lykke-Andersen et al., 2001; Maquat and Carmichael,
2001). An important example of this is NMD, which
selectively degrades mRNA sequences containing pre-
mature termination codons, thus avoiding the produc-
tion of potentially deleterious C-terminal-truncated
proteins. It is proposed that UPF3 functions in NMD,
and is translocated with mRNA to the cytoplasm
(Kim et al., 2001). Expression of UPF3B in early pre-
implantation embryos may provide a conserved surveil-
lance mechanism, which ensures that only correctly
processed mRNAs are translated to the appropriate
proteins.

In the present study, we analyze the expression
profiles of murine orthologous genes of nine DEGs using
fluorescence monitored quantitative real-time RT-PCR
(Fig. 4). In general, porcine DEGs are upregulated from
MII oocyte to 2-cell embryos, and mouse orthologous
genes of porcine DEGs are up-regulated from MII
oocytes to 1-cell embryos, respectively. Our results indi-
cate that transcription of these DEGs occurs from the
MII oocyte during the early stage of embryonic devel-
opment before ZGA at the 2-cell stage in the mouse or the
4-cell stage in the pig.

In conclusion, we have utilized a new differential
display method, designated the ACP system, to analyze
differentially expressed genes (DEGs) in porcine parthe-
note 2-cell embryos and blastocyst embryos produced
in vitro. The genes identified in this study should pro-
vide an insight into the mechanisms of early preimplan-
tation development in mammals. Future studies using
selective gene inactivation techniques, such as RNA
interference, are required to dissect these pathways.
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