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ABSTRACT The identification of embryo-spe-
cific genes would provide insights into early embryonic
development. However, the current methods employed
to identify the genes that are expressed at a specific
developmental stage are labor intensive and suffer from
high rates of false positives. Here we employed a new
and accurate reverse transcription-polymerase chain
reaction (RT-PCR) technology that involves annealing
control primers (ACPs) to identify the genes that are
specifically or prominently expressed in bovine early
blastocysts and hatched blastocysts produced in vitro.
Using these techniques, a total of nine expressed
sequence tags (ESTs) of genes that were differentially
expressed in hatched blastocysts, as compared to
blastocyst embryos, were cloned and sequenced. The
cloned genes or ESTs (C1–C9) all exhibited significant
sequence similarity with known bovine genes (99–
100%; FTL, RPS12, LAPTM4a, and RPL12) or ESTs
(80–94%; AIBP, CULLIN-1, HDLP, COX5a, and
RECS1) of other species. As revealed by real time
RT-PCR, these genes were regulated upstream in the
hatched blastocyst stage during early implantation.
These results suggest that this new, PCR-based dif-
ferential display RT-PCR technique is a very useful tool
for the identification of stage-specific genes of pre-
implantation embryos. Mol. Reprod. Dev. 69: 43–
51, 2004. � 2004 Wiley-Liss, Inc.
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INTRODUCTION

In mammals, preimplantation development is char-
acterized by various morphological and physiological
transitions that occur following fertilization. The zygote
undergoes several cleavage divisions, following which it
compacts and cavitates to form a blastocyst and then
hatches from zona pellucida. Early in implantation,
embryos utilize transcripts and proteins synthesized
during oogenesis until they reach the stage at which the
embryonic genome becomes activated (Schultz et al.,
1999).This nonpermissiveperiod of transcriptiondiffers

significantly between species. In bovine embryos,
embryonic gene activation has occurred definitively by
the 8- to 16-cell stage, along with major changes in the
ultrastructure of blastomere nucleoli and in patterns of
protein synthesis (Camous et al., 1986; King et al., 1988;
Frei et al., 1989; Kopecny, 1989, 1996). Further devel-
opment is dependent on the successful regulation of both
temporal and spatial gene expression following activa-
tion of the embryonic genome.

Thousands of genes have to be expressed in a stage-
specific manner to ensure normal embryo development.
However, of this myriad of developmentally regulated
genes, to date only few have been characterized with
respect to physiological function (Niemann and Wren-
zycki, 2001). Therefore, to further understand the
molecular basis of preimplantation development, it
would be of interest to identify and perform detailed
characterization of differentially expressed genes
(DEGs). Inmany cases, our basic understanding of gene
expression during early bovine embryogenesis has been
gained from data extrapolated from the mouse. Thus,
the identification of novel genes and analysis of their
function during bovine preimplantation embryogenesis
is necessary. To this end, several reverse transcription-
polymerase chain reaction (RT-PCR) technologies have
been applied to the identification of embryonic genes or
expressed sequences, however in general these techni-
ques are labor-intensive and have a high degree of false
positives. For example, differential display RT-PCRwas
used to compare patterns of RNA expression from
preattachment bovine embryos (Natale and Watson,
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2002). Furthermore, analysis of cDNA libraries derived
from oocytes is only as robust as the quality of the
libraries and subtraction methods are biased towards
abundant transcripts. Recently, suppression subtrac-
tive hybridization has been used to identify genes in
preimplantation mammalian embryos (Mohan et al.,
2002).

The success of PCR amplification relies solely on the
specificity with which a primer anneals to its target
sequences. Therefore, it is important to optimize this
molecular interaction (McPherson and Moller, 2000).
The annealing temperature is critical for determining
whether aprimer binds only to its perfect complement or
to sequenceswith one ormoremismatches. By adjusting
the annealing temperature, one can alter the specificity
of pairing between template and primer. Numerous
approaches, such as longer primers with universal,
homopolymer, or loop sequence tails at their 50-ends,
have been introduced to increase primer annealing
specificity (Saiki et al., 1989; Brownie et al., 1997;
Ailenberg and Silverman, 2000). However, these
approaches do not abrogate nonspecific hybridization
resulting from the involvement of the tail or loop
sequence in the priming reaction. We describe here a
most accurate and extensive PCR technology, controlled
by an annealing control primer (ACP), that specifically
targets sequence hybridization to the template via a
polydeoxyinosine [poly (dI)] linker (Hwang et al., 2003).
The basis of ACP technology is the unique tripartite
structure of a specific oligonucleotide primer (ACP),
which has 30- and 50-end distinct portions separated by a
regulator, and the interaction of each portion of this
primer during a two-stage PCR (Fig. 1).

In the present study, we used a new differential
display method, termed an ACP system, to analyze
differentially expressed genes (DEGs) in bovine blas-
tocysts and hatched blastocysts produced in vitro. We
confirmed the expression patterns of 9DEGsbyRT-PCR
assay, and quantified their expression throughout the

preimplantation stages by fluorescence monitored real
time RT-PCR. These results suggest that this new PCR-
based DDRT-PCR technique is a very useful tool for the
identification of stage-specific DEGs of preimplantation
embryos.

MATERIALS AND METHODS

In Vitro Production of Bovine Blastocysts

Cumulus-oocyte complexes (COCs) were aspirated
from visible follicles (2–6 mm in diameter) from
slaughterhouse ovaries. The COCs were then washed
withHEPES-buffered Tyrode’s medium and cultured in
maturation medium composed of TCM199þ 10% fetal
bovine serum (FBS) supplementedwith 0.2mMsodium-
pyruvate, 1 mg/ml follicle-stimulating hormone, 1 mg/ml
estradiol-17b, and 25 mg/ml gentamycin sulfate at 398C,
5%CO2 incubator. After incubation for 22–24 hr in IVM
medium, the COCs were inseminated using highly
motile sperm recovered from frozen-thawed bull semen
separated on a discontinuous percoll column. Fertiliza-
tion was assessed as cleavage rate (�2-cell) after 44�
2 hr coincubation with the sperm. For in vitro culture,
cleaved embryos were cultured in CR1 (Rosenkrans
et al., 1993) medium supplemented with 3 mg/ml fatty
acid-free BSA and then transferred into 10%FBS added
CR1 medium at day 4 after IVF.

mRNA Extraction

The mRNA samples were prepared from pools of
blastocyst stage embroys (Bl; n¼ 10) and hatched
blastocyst embryos (Hbl; n¼10) for RT-PCR, Bl (n¼
120) andHbl (n¼ 60) for ACP-based differential display,
and in vitro-produced 1-cell (n¼160), 2-cell (n¼80), 4-
cell (n¼ 40), 8-cell (n¼ 20), 16-cell (n¼ 10), morula
(n¼ 5), blastocyst (n¼5), and hatched blastocyst
(n¼ 5) stages for real time RT-PCR using an oligo(dT)25
nucleotide attached to magnetic beads (Dynabeads
mRNA purification kit; Dynal, Oslo, Norway) following
the manufacturer’s instructions. Briefly, embryos were
resuspended in 100ml lysis/binding buffer (100mMTris-
HCl with 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 em-
bryo and release of RNA. Fifty microliters of oligo(dT)25
magnetic bead suspension was added to the samples,
and theywere incubated at room temperature for 5min.
The hybridized mRNA and oligo(dT) magnetic beads
were washed twice with washing buffer A (10 mM Tris-
HCl with 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, 0.15MLiCl, 1mMEDTA), respectively. Finally,
mRNA samples were eluted in 15 ml double-distilled
DEPC-treated water.

RT-PCR

For the first strand cDNA synthesis, oligo(dT)12–18
primer was added to the mRNA solution isolated from
blastocyst stage and Hbl using oligo (dT) attached
magnetic beads (Dynabeads mRNA purification kit).
The RT mix contained 1�RT buffer, 10 mM dithio-

Fig. 1. Annealing control primer (ACP) structure. The structure of
ACP is based on tripartite sequence regions: core sequence (30-end
targeting portion; 10 nts) having a hybridizing sequence substantially
complementary to a site on a template nucleic acid to hybridize;
universal sequence (50-end portion; 22 nts); and regulator sequence
(linker portion separated 3-end portion and 50-end portions; 5 nts). For
generating a specific PCR product, the regulator sequence specifically
controls annealing of the core sequence at the first stage of PCR and
annealing of the universal sequence at the second stage of PCR by
temperature, 50 or 658C, respectively.
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threitol (DTT), 0.5 mM of each dNTP, 10 U RNasin
ribonuclease inhibitor, and 200 U of SuperScript II re-
verse transcriptase (Invitrogen, Karlsruhe, Germany).
The reverse transcription reaction was carried out at
428C for 90 min followed by heating at 948C for 2 min to
inactivate the reaction. After the reverse transcription
(RT) reaction, the final volume was increased to 50 ml
with ultra-purifiedwater, then stored all cDNA samples
at �208C until use in PCR. PCR analysis were
performed in a final volume of 50 ml containing 5 ml of
the cDNAsample, 2mMMgCl2, 50mMKCl, 10mMTris-
HCI (pH 8.3), 1.2 mM of each dNTP, 0.4 mM of each
primer, and 2 U rTaq polymerase (TaKaRa, Shiga,
Japan). The amplification of expressed sequence tags
(ESTs) cloned from ACP differential display was
performedwith specific primers, and these are indicated
in Table 2. For each RT-PCR analysis, internal histone
H2aandnegative (blank) controlswere included.After a
first denaturation step of 3 min at 948C, 30–38 ampli-
fication cycles were performed. Each cycle involved
denaturation at 948C for 1 min, annealing at 558C for
1min, and extension at 728C for 1min. A final extension
step of 5minat 728Cwasperformed to complete thePCR
reaction. Then, 25% of the PCR product was electro-
phoresed on a 1.5% agarose gel, stained with ethidium
bromide, and visualized by exposure to ultraviolet light.
The images were obtained using GELMANAGER
apparatus (Prime-Tech, Seoul, Korea).

ACP-Based Differential Display

First-strand cDNA synthesis. Messenger RNA
(mRNA) extracted from blastocyst stage and hatched
blastocyst stage embryos using oligo(dT) attached
magnetic beads (Dynabeads mRNA purification kit)
were used for the synthesis of first-strand cDNAs by
reverse transcriptase, as described by Hwang et al.
(2003). Reverse transcription was performed for 1.5 hr
at 428C in a final reaction volume of 20 ml containing the
purified mRNA, 4 ml of 5� reaction buffer (Promega,
Madison, WI), 5 ml of dNTP (each 2 mM), 2 ml of 10 mM
cDNA synthesis primer dT-ACP1 (Table 1), 0.5 ml of
RNasin Plus RNase Inhibitor (40 U/ml; Promega), and
1 ml of Superscript II reverse transcriptase (200 U/ml;
Invitrogen, Carsbad, CA). First-strand cDNAs were
diluted by the addition of 120 ml of ultra-purified water.

ACP-based PCR. Second-strand cDNA synthesis
and subsequent PCR amplification were conducted in a
single tube. Second-strand cDNA synthesis was con-
ducted at 508C (low stringency) during one cycle of first-
stagePCR inafinal reactionvolumeof 49.5ml containing
1 ml of the diluted first-strand cDNA, 5 ml of 10� PCR
reaction buffer (Roche Applied Science, Mannheim,
Germany), 5 ml of dNTP (each 2 mM), 1 ml of 10 mM dT-
ACP2 (Table 1), and 1 ml of 10 uM arbitrary primer
(Table 1) preheated to 948C. The tube containing the
reaction mixture was held at 948C while 0.5 ml of Taq
DNA Polymerase (5 U/ml; Roche Applied Science) was
added to the reaction mixture. The PCR protocol for
second-strand synthesis was one cycle at 948C for 1min,
followed by 508C for 3 min, and 728C for 1 min. After
second-strand DNA synthesis was completed, 40 ampli-
fication cycles were performed. Each cycle involved
denaturation at 948C for 40 sec, annealing at 658C for
40 sec, and extension at 728C for 40 sec. Afinal extension
step of 5 min at 728C was performed to complete the
PCR. The amplifiedPCRproductswere separated on 2%
agarose gels and stained with ethidium bromide.

Cloning and transformation. The differentially
expressed bandswere extracted and cloned into a TOPO
TA cloning vector (Invitrogen, Karlsruhe, Germany)
following the manufacturer’s instructions. In order to
verify the identity of insert DNA, isolated plasmids
were sequenced automatically (Applied Biosystems,
California). Complete sequences were analyzed by
searching for similarities using BLASTX search
program at the National Center for Biotechnology
Information (NCBI) GenBank.

Real Time RT-PCR Quantification

To validate the results of ACP differential display and
to determine the relative abundance of target
sequences, real time quantitative PCR was performed
using mRNA isolated from pools of in vitro-produced 1-
cell, 2-cell, 4-cell, 8-cell, 16-cell, morula, blastocyst, and
hatched blastocyst stages. Due to the relatively small
number of embryos, RNA isolation was performed using
oligo(dT) attached magnetic beads (Dynabeads mRNA
purification kit) following the manufacturer’s instruc-
tions. Briefly, embryos were resuspended in 300 ml lysis/
binding buffer (100 mM Tris-HCl with pH 7.5, 500 mM

TABLE 1. Primer Sequence Used in cDNA Synthesis and ACP-Based PCR

Use Primer name Sequence

cDNA synthesis primer dT-ACP1 50-CTGTGAATGCTGCGACTACGATIIIII(T)18-3
0

Reverse primer dT-ACP2 50-CTGTGAATGCTGCGACTACGATIIIII(T)15-3
0

Arbitrary primer (forward primer) ACP5 50-GTCTACCAGGCATTCGCTTCATIIIIIAGTGCGCTCG-30

ACP16 50-GTCTACCAGGCATTCGCTTCATIIIIIGTCGACGGTG-30

ACP24 50-GTCTACCAGGCATTCGCTTCATIIIIICCACCGTGTG-30

ACP28 50-GTCTACCAGGCATTCGCTTCATIIIIITGGGAACCGG-30

ACP34 50-GTCTACCAGGCATTCGCTTCATIIIIIGCATCCAGCA-30

ACP43 50-GTCTACCAGGCATTCGCTTCATIIIIICTAAAACCAA-30

ACP89 50-GTCTACCAGGCATTCGCTTCATIIIIITCCCAATGGG-30

ACP113 50-GTCTACCAGGCATTCGCTTCATIIIIICAGCTCGTGG-30

ACP, annealing control primer
The polydeoxyinosine [poly(dI)] linkers are underlined. I represents deoxyinosine.
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LiCl, 10 mM EDTA with pH 8.0, 1% LiDS, 5 mM DTT),
and vortexed at room temperature for 5min to facilitate
the lysis of the embryo and release of RNA. 50 ml of
oligo(dT) magnetic bead suspension was added to the
samples, and incubated at room temperature for 5 min.
The hybridized mRNA and oligo(dT) magnetic beads
were washed two times with washing buffer A (10 mM
Tris-HCl with pH 7.5, 0.15 M LiCl, 1 mM EDTA, 1%
LiDS) and washing buffer B (10 mM Tris-HCl with pH
7.5, 0.15 M LiCl, 1 mM EDTA), respectively. Finally,
mRNA samples were eluted in 30 ml double-distilled
DEPC-treated water and the reverse transcription (RT)
reaction was carried out in 50 mM Tris-HCl (pH 8.3),
75 mM KCl, 6 mM MgCl2, 2 mM DTT, 1 mM of each
dNTPs, 20 U of RNase inhibitor, and 200 U of Super-
script II (Invitrogen, Carlsbad, CA). The reaction
mixture was incubated at 428C for 90 min and then,
948C for 2 min.

Prior to real time PCR amplification, sequence-
specific primers were designed from DEGs cloned from
ACP differential display using Primer3 Software v0.2c
(http://www.broad.mit.edu/cgi-bin/primer/primer3.cgi).
For optimal quantification, parameters were set to
design primer sequences with melting temperature
(Tm) of 55–658C, no 30-end complementarity (to avoid
primer-dimer formation) and product size of 150–
300 bp. The sequence and the product size of all specific
primers are listed in Table 2. The PCRs were conducted
in DNA Engine OPTICON2 (MJ Research, San Fran-
cisco, CA) and were detected with SYBR Green as a
double-stranded DNA-specific fluorescent dye, which
is included in the SYBR Green qPCR premix (FINN-
ZYMES). Prior to the quantification, optimization
procedures were performed by running PCRs, with or
without the purified template, to identify the melting
temperatures of the primer dimers and the specific

product. To measure the level of mRNA in the samples,
the fluorescence values were taken at a temperature
associatedwith the beginning of the peak for the specific
product (Table 2). Standard curves were generated for
both target and internal control genes using serial
dilutions of plasmid DNA (102–107 molecules). PCRs
were performed in 20 ml reaction buffer containing 10 ml
2� SYBR Green premix, 1 ml of forward and reverse
primers (5 pmole/ml) and 1 ml embryonic cDNA (0.1 blas-
tocyst/ml equivalent). Each PCR run was performed in
triplicate to control the reproducibility of quantitative
results. The amplification program was as following:
preincubation for HotStart polymerase activation at
958C at 15 min, followed by 45 amplification cycles of
denaturation at 958C for 1 min (28C/sec), annealing at
558C for 1 min (28C/sec), elongation at 728C for 1 min
(28C/sec), and acquisition of fluorescence at 728Cor 808C
for 1 sec. After the end of the last cycle, themelting curve
was generated by starting the fluorescence acquisition
at 658C and taking measurements every 0.28C until
958C was reached. The results were reported as the
relative expression or n-fold difference to the calibrator
cDNA (i.e., the blastocyst stage) after normalization of
the transcript amount to the endogenous control by
2-ddCt method (Livak and Schmittgen, 2001). The sizes
of PCR products were confirmed by gel electrophoresis
on a standard 1.5% agarose gel stained with ethidium
bromide and visualized by exposure to ultraviolet light.

RESULTS

Messenger RNA Expression Pattern

In order to identify and isolate DEGs in preimplanta-
tion stage embryos, we compared the mRNA expression
profiles in in vitro-produced bovine embryos. mRNA
isolated from each of the developmental stages (blas-

TABLE 2. Sequence-Specific Primers Used for Quantification of Differentially Expressed Transcripts

Clone
name

Primer
name Sequence

Product
length (bp)

Genbank
accession
number

Temperature of
fluorescence

acquisition (8C)

C1 Forward 50-AGGCTGGGTTGGGCGAGTAT-30 165 AY528246 84
Reverse 50-TGAGAGAGGGCTCCAGGGTG-30

C2 Forward 50-GGGTGCATTCAAGATTCGGC-30 248 AY528251 85
Reverse 50-CACAAAGGGCCTCCACCAAC-30

C3 Forward 50-TGCCTGAAGAAATTCTGCCT-30 250 AY528247 84
Reverse 50-ATGGCACTTTGCTCTTGCTT-30

C4 Forward 50-CCACCATGCCGCCTAAGTTC-30 158 AY528249 80
Reverse 50-ACCAGTTGCCTTGGCGATGT-30

C5 Forward 50-TCATCTGTGGCCCTGGGAAT-30 281 AY528250 81
Reverse 50-GACACTCAGGATGCTGCGGA-30

C6 Forward 50-GGGCTGGTGTCCCTCCTTCT-30 225 AY528252 82
Reverse 50-AGGCACAGATCCCGTTCAGC-30

C7 Forward 50-AAGGAAACATGGCCCTGGCA-30 150 AY528253 78
Reverse 50-AATGGGGATGAAAAGAAACATTCA-30

C8 Forward 50-TGATGCTCGCTGGGTGACAT-30 288 AY528254 81
Reverse 50-TCAAGGCCCAGTTCCTCTGG-30

C9 Forward 50-CTTCTGCTTCCAGACCAAGG-30 263 AY528248 81
Reverse 50-CTGTGTAGATCTGCAGGGCA-30

H2a Forward 50-GTCTTGGAGTACCTGACCGC-30 201 AW461431 81
Reverse 50-AGTCTTCTTCGGGAGCAACA-30
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tocyst or hatched blastocyst) was subjected to the ACP
system. For this, mRNA isolated from a pool of 120
blastocyst-stage embryos (Bl) or 60 hatched blastocyst-
stage embryos (Hbl), usingmagnetic oligo(dT), was used
as a template for first-strand cDNA synthesis using dT-
ACP1 as a primer (Table 1). Using first-strand cDNA as
templates, second-strand cDNAs were synthesized
during one cycle of first-stage PCR using an arbitrary
ACP primer (Table 1) and an initial annealing tempera-
ture of 50–538C. In our approach, an arbitrary ACP
primeranddT-ACP2primer coexist in the samereaction
tube, but the 30-end core sequence of dT-ACP2 cannot
anneal to the first-strand cDNA at the first annealing
temperature due to the lower annealing temperature
required. However, this annealing temperature does
permit the30-end core sequence (10-mer) of the arbitrary
ACP to anneal to a specific template site. By using a
combination of dT-ACP2 (reverse primer) and 120
arbitrary ACPs (forward primer), second-strand cDNAs
are then amplified during second-stage PCR at a second
annealing temperature (658C), which constitute high-
stringency conditions, using the sequences at the 30- and
50-ends of the second-strand cDNAs as templates for the
amplification priming sequences. On the basis of dif-
ferential expression levels ofmRNA fragments observed
on agarose gels, 9 bands were detected from Hbl as
compared to Bl (blastocyst stage embryos) using eight
arbitrary ACPs (Fig. 2A,B). They were excised from the
gels, cloned and sequenced for analysis. The cloned
DEGswere denotedC1 toC9 (Fig. 2A,B). The expression
patternsof theDEGswereconfirmedbyRT-PCR(Fig. 3).
The RT- PCR assays revealed that in agreement with
the ACP differential display, transcripts C1-C9 had
similar expression patterns when DEGs from Hbl were
compared to Bl (blastocyst embryos). However, for DEG
C1, C3, C4, C5, C8, and C9 of Bl, low-intensity bands
were observed, relative to the ACP differential display
(Fig. 3).
The functional role, sequence similarity, and char-

acterization of differentially expressed transcripts are
summarized inTable 3. BLASTNandBLASTXsearches
for sequence similarity in NCBI GenBank revealed that
DEGs (C1–C9) showed significant similarity with
known genes or ESTs (Table 3). Of these, AIBP (C5),
CULLIN-1 (C6), HDLP (C7), COX5a (C8), and RECS1
(C9) shared similarity (80–94%) with sequences from
other species (human, mouse, and rat or zebrafish, pig,
and horse partially) whereas FTL (C1), RPS12 (C2),
LAPTM4a (C3), and RPL12 (C4), showed significant
similarity (99–100%) with the coding regions of known
bovine genes (Table 3). All genes or ESTs identified and
characterized in this studyhave already been submitted
to Genbank and assigned accession numbers (Table 2).

Confirmation of ACP Differential Display
by Real Time RT-PCR

To confirm the efficacy of the ACP system and to
further investigate the stage-specific expression pat-
terns of the identified genes or ESTs, fluorescence
monitored quantitative real time RT-PCR analysis was

employed. Sequence-specific primers were designed to
amplify products with lengths ranging from 150 to
288 bp (Table 2). The relative abundance of all samples
subjected to real time RT-PCR was calculated using the
standard curve method with determination of PCR

Fig. 2. Schematic illustration of methods using the annealing
control primer (ACP) system and results of ACP-based PCR for
identification of differentially expressed genes (DEGs) from two
developmental stages. A: Messenger RNA (mRNA) from Bl and Hbl
are used for the synthesis of first-strand cDNA using dT-ACP1. By
using a combination of dT-ACP2 (reverse primer) and 120 arbitrary
ACPs (forward primer), second-strand cDNAs are then amplified
during second-stage PCR, and separated for differentially expressed
genes (DEGs) on agarose gels. B: Gel are photographed to show
differential banding patterns obtained from bovine blastocyst embryos
(Bl) and hatched blastocyst embryos (Hbl) produced in vitro using a set
of an arbitrary ACP (50-primer) and dT-ACP2 (30-primer). The
amplified cDNA products are separated on 2% standard agarose gels
and stainedwith ethidiumbromide.Primer combinations (50 and30) are
as follows: ACP5, ACP5þdT-ACP2; ACP16, ACP16þdT-ACP2;
ACP24, ACP24þdT-ACP2; ACP28, ACP28þdT-ACP2; ACP34,
ACP34þdT-ACP2; ACP43, ACP43þdT-ACP2; ACP89, ACP89þdT-
ACP2; ACP113, ACP113þdT-ACP2. Arrowheads indicate differential
cDNA bands (C1–C9) selected due to hatched blastocyst-specific
expression. These cDNA bands were excised from the gel for further
cloning and sequencing.
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amplification efficiency and normalization for histone
H2a being used as the internal reference. The expres-
sion of this housekeeping gene was assumed not to vary
between the different stages (Robert et al., 2002). The
real time RT-PCR results are presented as n-fold
differences in expression compared to the blastocyst
stage, which was considered as a calibrator in this
analysis. Quantitative expression patterns of all DEGs
and ESTs are presented in Figure 4. This analysis
revealed that all of our target transcripts showed
expression patterns in agreement with the results of
ACP differential display, when their expression at the
blastocyst stage was compared to that at the hatched
blastocyst stage. Thus, we further confirmed these
dynamic expression changes during the early preim-
plantation period (from a 1-cell embryo to the hatched
blastocyst stage) using real time RT-PCR.

Furthermore, the real time RT-PCR analysis allowed
us to categorize the target transcripts into two groups on
the basis of their expression. RPS12 (C2), PRL12 (C4),
AIBP (C5), HDLP (C7), and the COX5a gene (C8)
showed similar expression patterns. These transcripts
were observed at the 16-cell stage for the first time and
progressively increased in expression from the morula,
where they were transiently downregulated, to the
hatched blastocyst, where maximal expression occurr-
ed. RPS12 (C2), PRL12 (C4), AIBP (C5),HDLP (C7), and
COX5a gene (C8) transcripts were expressed at 17-, 10-,
16-, 45-, and7-fold levels at thehatchedblastocyst stage,
respectively, relative to the blastocyst stage. FTL (C1),
LAPTM4a (C3), CULLIN-1 (C6), and RECS1 (C9) also
showed similar expression patterns. These transcripts
gradually increased from the morula stage up to the
hatched blastocyst stage, where their expression reach-
ed maximum. FTL (C1), LAPTM4a (C3), CULLIN-1
(C6), and RECS1 (C9) were expressed at a level of 17-,
18-, 9-, and 13-fold at the hatched blastocyst stage,
respectively, compared to the blastocyst stage. Also, at
the 1-cell, 2-cell, 4-cell, and 8-cell stages, RPS12 (C2),
PRL12 (C4), HDLP (C7), COX5a (C8), and RECS1 (C9)
were not observed, but FTL (C1), LAPTM4a (C3), AIBP

(C5), and CULLIN-1 (C6) transcripts were observed
quantitatively, albeit at low levels.

DISCUSSION

Understanding the molecular mechanisms of early
bovine embryonic development requires investigation of
gene expression to identify developmentally important
genes and to further characterize their expression
patterns during bovine preimplantation development.
Here, we describe a most accurate and extensive PCR
technology controlled by an ACP (Seegene, Seoul, South
Korea). This primer has a unique tripartite structure
consisting of 30- and 50-end distinct portions separated
by a regulator. Specifically, the structure of ACPs
comprises a) a30-end regionwitha target corenucleotide
sequence that substantially complements the template
nucleic acid for hybridization; b) a 50-end region with a
nontarget universal nucleotide sequence; and c) a poly
(dI) regulator region bridging the 30- and 50-end
sequences (Fig. 1). Also, this ACP linker prevents
annealing of the 50-end nontarget universal sequence.
TheACP-basedPCRsystemfacilitates the identification
of DEGs from samples with low mRNA levels and
without generating false positives (Hwang et al., 2003).

In the present study, we used the ACP-based PCR
system to analyze genes that were differentially
expressed between mature bovine blastocyst embryos
and Hbl produced in vitro. A better knowledge of gene
expression patterns during preimplantation would give
insights into molecular mechanisms controlling early
development as well as understanding events that may
be compromising in early embryonic mortality. Using
dT-ACP2 (reverse primer) and 120 arbitrary ACPs
(forward primer) for PCR amplification, we were able
to display thousands of embryonic cDNAs for compara-
tive analysis. Of these, the majority of differentially
expressed cDNA bands were conserved in the blastocyst
at the two developmental stages (Fig. 2B). Subse-
quently, nine DEGs were identified, and this was
confirmed by RT-PCR assay (Fig. 3). Real time quanti-
tative RT-PCR was used to quantify the stage-specific
expression of these transcripts throughout preimplan-
tation development (Fig. 4). The sequence analyses
results revealed that all cloned ESTs shared significant
sequence similaritywith human,mouse, rat, and bovine
genes or ESTs available in GenBank (Table 3). A total of
nine DEGs exhibited a significantly higher sequence
similarity (80–100%) with the coding regions of known
genes. A higher degree of sequence similarity was
observed between our ESTs and known human, mouse,
and rat genes, suggesting that our cDNAclones aremost
likely the cattle homologs of matching genes in these
organisms. Thus, several genes that are differentially
expressed in Hbl provide interesting candidates for
regulation of preimplantation or implantation during
embryogenesis, including those involved in protein
synthesis (RPL12; ribosomal protein L12 and RPS12;
ribosomal protein S12), metabolism (FTL; ferritin light
chain and HDLP; hydroxylsteroid dehydrogenase like
protein), apoptosis (CULLIN-1; SCF complex protein),

Fig. 3. Differential expression of genes/sequences between two
developmental stages. Comparison of the patterns of expression of
DEGs (C1–C9) by RT-PCR was performed with embryo-derived RNAs
expressed at two developmental stages (Bl; blastocyst, Hbl; hatched
blastocyst). The amplified DNA products were separated on a 1.5%
standard agarose gel and stained with ethidium bromide. Bovine
histoneH2awas used as a control to confirm the integrity of themRNA
samples.
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electron transport (COX5a; cytochrome-c oxidase sub-
unit 5a), and intercellular communication (LAPTM4a;
lysosomal associated protein transmembrane 4 alpha).
Recent advances in molecular technology and in vitro

production of bovine embryos have facilitated studies of
gene transcription in preimplantation embryos. By
employing qualitative or quantitative RT-PCR assays,
the expression ofmore than100different genes has been
studied (NiemannandWrenzycki, 2001;BovineEmbryo
Gene Collection http://www.begc.crbr.ulaval.ca/index.
html).Themajority of thegenesareexpressed ina stage-
specific manner, showing two major patterns of expres-
sion; either they appear after the onset of genomic
activity or they are expressed throughout the period
before and after the onset of embryonic transcription,
indicating maternal and embryonic activity (Niemann
and Wrenzycki, 2001). In bovine embryos, embryonic
gene activation has definitely occurred by the 8- to 16-
cell stage (Camous et al., 1986; King et al., 1988; Frei
et al., 1989; Kopecny, 1989). As shown in Figure 4,
RPS12, PRL12, AIBP, HDLP, and COX5a transcripts
were observed at the 16-cell stage for the first time
and progressively increased up to the hatched
blastocyst stage, where they reached maximum levels.
However, FTL, LAPTM4a, CULLIN-1, and RECS1
transcripts were found to increase gradually from the
morula stage to thehatchedblastocyst stage,where they

reached a maximum. These differences in expression
patternmay reflect the induction of a 16-cell- ormorula-
specific transcription factor following embryonic gene
activation.

Protein synthesis in the early preattachment embryo
has been investigated extensively in the recent past
(Grealy et al., 1996; Thompson et al., 1996; Kuran et al.,
2000). The protein content of in vivo derived preattach-
ment bovine embryos at day 16 has been described
(Grealy et al., 1996). The protein content increased 2-
fold from the morula to the expanded blastocyst stage
followed by a 160-fold increase to the hatched blastocyst
stage on day 13. After normalization with the internal
control, histone H2a, we observed that the relative
expression of ribosomal protein S12 and L12-associated
protein synthesis increased by approximately 17- and
10-fold, respectively, in the hatched blastocysts com-
pared with blastocysts (Fig. 4). Ribosomes consist of a
small 40S subunit and a large 60S subunit. Together
these subunits are composed of 4 RNA species and
approximately 80 structurally distinct proteins. Ribo-
somal S12 is a component of the 40S subunit, and
belongs to the S12E family of ribosomal proteins.
Increased expression of this gene in colorectal cancers
compared to matched normal colonic mucosa has been
observed and was identified as a marker for the early
detection of human squamous cell carcinoma of the

TABLE 3. Sequence Similarity and Characterization of Differentially Expressed Transcripts

Functional role Identity Clone Genbank acc. no. Homology

Apoptosis SCF complex protein C6 NM_003592 Human 89% (723/808)
(CULLIN-1) BC029260 Mouse 87% (629/722)

XM_342679 Rat 87% (638/730)
BC045445 Zebrafish 81% (257/314)

Electron transport Cytochrome-c oxidase C8 BC024240 Human 90% (438/485)
subunit 5a (COX5a) NM_145783 Rat 94% (324/343)

BC034302 Mouse 90% (361/398)
Intercellular Lysosomal associated C3 NM_014713 Human 91% (825/899)
communication protein transmembrane 4 AK088958 Mouse 89% (821/914)

alpha (LAPTM4a) BC063179 Rat 89% (821/914)
AB098971 Bovine 99% (447/448)

Metabolism Bos taurus ferritin, light C1 NM_174792 Bovine 99% (748/755)
polypeptide (FTL) AF288821 Pig 90% (435/481)

D14523 Horse 87% (461/527)
BC058820 Human 86% (467/539)
BC019840 Mouse 85% (400/468)

Hydroxysteroid C7 AY093428 Human 96% (92/95)
dehydrogenase like BC002211 Mouse 91% (86/94)
protein (HDLP) XM_232942 Rat 91% (77/84)

Protein synthesis Bos taurus ribosomal C2 AB099081 Bovine 100% (464/464)
protein S12 (RPS12) X79417 Pig 95% (419/440)

NM_001016 Human 94% (422/448)
NM_011295 Mouse 92% (405/437)
BC058460 Rat 91% (412/448)

Ribosomal protein L12 C4 AB098784 Bovine 99% (526/527)
(RPL12) NG_000962 Human 92% (513/552)

BC018321 Mouse 90% (504/557)
X53504 Rat 90% (504/557)

Unclassified Apolipoprotein A-I binding C5 AJ315849 Human 90% (834/922)
protein (AIBP) XM_215635 Rat 87% (621/713)

BC058362 Mouse 87% (608/697)
Responsive to centrifugal C9 BC026348 Human 86% (816/943)

force and shear (RECS1) AB097685 Mouse 84% (774/920)
XM-237311 Rat 83% (477/570)
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uterine cervix (Chengetal., 2002a,b).RibosomalL12 is a
component of the 60S subunit and belongs to the L11P
family of ribosomal proteins. Thus, RPS12 and RPL12
may be bifunctional in that they also serve as stage-
specific regulators of the hatched blastocyst embryo
during early embryogenesis.

Although protein synthesis is critical, proteolysis is
equally vital for the upkeep of appropriate levels of
short-lived and regulatory proteins that are involved in
basic cellular processes such as regulation of the cell
cycle and cell division, cell differentiation, metabolism,
stress responses, apoptosis, and signal transduction
(Schwartz and Ciechanover, 1999; Ciechanover et al.,
2000). In eukaryotic cells, ubiquitin-mediated degrada-
tionplays a critical role in controlling the turnover of cell
cycle regulators (Deshaies, 1999; Tyers and Jorgensen,
2000). The ATP-dependent attachment of ubiquitin to a
ubiquitin-activating enzyme (E1) activates ubiquitin for
transfer to a ubiquitin-conjugating enzyme (E2) and
then to aubiquitin ligase (E3),which transfers ubiquitin
to a substrate protein (Hershko and Ciechanover, 1998;
Pichart, 2001). Repetition of this ubiquitin transferase
reaction results in the attachment of a polyubiquitin
chain to the substrate, which is then recognized by the
26S proteasome and degraded. Cullins are a core
component of a subset of E3 ligases. We observed that
relative expression of cullin-1 increased by approxi-
mately ninefold in the hatched blastocysts compared
with blastocysts. Cullin-1 is a component of the SCF
complex, which is related to yeast Cds53 and is

implicated in the ubiquitination of p21, p27, and E2F-1
(Yu et al., 1998; Carrano et al., 1999, Marti et al., 1999).
To study the role of Cullin-1 in mammalian develop-
ment,mice deficient for cullin-1were generated andnull
embryos and heterozygous cell lines were analyzed
(Strohmaier et al., 2001). Cullin-1�/� embryos implant
in the uterine wall, but fail to develop past E5.5, and are
almost completely resorbed by E7.5. In the mammalian
embryo, developmental events at E5.5–6.5 include the
onset of gastrulation andan increase in proliferation of a
number of specific, newly differentiated tissues. Taken
together, these findings lead to the suggestion of a
specific role for Cullin-1 in blastocyst hatching, and
during posthatching preattachment in the bovine
embryo.

Relative expressionofFTL (ferritin, light polypeptide)
increased by approximately 17-fold in the hatched
blastocysts compared with blastocysts (Fig. 4). Ferritin
is a multimeric protein, composed of 24 heavy and light
subunits that plays a critical role in iron storage and
regulation of intracellular iron homeostasis. It has been
proposed as a tumor marker (Marcus and Zimberg,
1974), immune suppressor factor (Matzner et al., 1985),
and cytokine regulator (Bentwixh et al., 1996) in
addition to its basic function as an iron storage protein.
Furthermore, p43 placental isoferritin was found to
be present at high levels in serum and placental tissue
during normal pregnancy and at low levels or below the
limits of detection in pregnancy failure (Maymon and
Moroz, 1996; Maymon et al., 2000). Thus, expression of

Fig. 4. Relative expression level of DEGs derived from hatched
blastocyst embryos throughout the preimplantation stages as quanti-
fied by real time RT-PCR. Messenger RNA from pools of 1-cell (1C), 2-
cell (2C), 4-cell (4C), 8-cell (8C), 16-cell (16C), morula (Mor), blastocyst
(Bl), and hatched blastocyst (Hbl) stages were reverse transcribed and
subjected to real time quantitative PCR using transcript-specific

primers (Table 2). All PCRs were conducted in triplicate and normal-
ized for histone H2a mRNA expression. Also, each of these relative
values were further divided by the value of the calibrator (blastocyst
stage) and the relative expression level is presented as an n-fold
expression difference compared to the calibrator, blastocyst (Bl) stage.
Data are shown as meansþSD (bars) of triplicate determinations.
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FTL in hatched blastocysts may be important for the
maintenance of early pregnancy.
Apolipoprotein A-I (apoA-I) is the major apolipoprotein

ofhigh-density lipoproteins (HDL)andplaysan important
role in the regulation of the stability, lipid transport, and
the metabolism of HDL particles. AI-BP (apoA-I interact-
ing protein) was identified using apoA-I (amino acids 25–
267) as a bait in a yeast two-hybrid screening system
(Ritter et al., 2002). AlthoughAI-BP is awell-known gene,
its role during early development is not clear.
In conclusion, we have used a new differential display

method, termed the ACP system, to analyze DEGs in
bovine blastocysts and hatched blastocysts produced
in vitro. The genes identified here will provide insights
into mechanisms of preimplantation development and
early pregnancy inmammals. Future studieswill aim to
dissect these pathways by using selective gene inactiva-
tion techniques, such as RNA interference.
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