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TBP Dynamics during Mouse Oocyte Meiotic Maturation
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Abstract

To maintain cell lineage, cells develop a mechanism which can transmit the gene activity information to the daughter cells.
In mitosis, TBP (TATA-binding protein), a transcription factor which belongs to TFIID was associated with M phase
chromosomes and was proved to be a bookmark for cellular memory. Although previous work showed that TBP was
dispensable for mouse oocyte maturation and early embryo development, exogenous TBP protein was detected in the
nuclear of oocytes and early embryos. It is still unknown whether exogenous TBP can associate with condensed
chromosomes during meiosis and mouse early embryo development. In present study by the injection of GFP-tagged TBP
mRNA we for the first time investigated TBP dynamics in mouse early embryos and confirmed its localization pattern in
oocytes. The exogenous TBP enriched at germinal vesicle at GV stage but disappeared from the chromosomes after GVBD.
Moreover, exogenous TBP was still dispersed from the chromosomes of somatic donor nuclear in oocytes by nuclear
transfer (NT), further proving that oocyte has some mechanism to remove TBP. During mouse embryo development, the
exogenous TBP was removed from the chromosomes of M phase zygotes, but was found to express weakly at the M phase
of 2-cell. Moreover, in the blastocyst TBP was also detected at the M phase chromosomes. Overexpression of TBP caused the
failure of oocyte maturation and embryo development. Our results supported the idea that TBP might be a marker for
transmitting cellular memory to daughter cells.
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Introduction interacts with condensin for preserving the memory of gene
activity to the daughter cells [11].

To maintain cell lineage cells develop a mechanism called gene After fertilization, the first cleavage of mouse embryo was

bookmarking, which can transmit the gene activity information to
the daughter cells [1]. This mechanism could remember the active
genes before the cells enter M phase, and transmits the cellular
memory to the daughter cells [2]. The transcription patterns can
be faithfully established at G1 phase in an epigenetic manner,
furthur ensures the daughter cells have the same pattern of gene
expression compared with mother cell. However, till now the
understanding about the gene bookmarking is still poor [3].

regulated by the maternal components which were from the
oocyte [12]. In late 2-cell stage, zygotic genome activation (ZGA)
occurred and the embryo underwent the cellular reprogramming
[13]. The transcription reprogramming is important for the
regulation of the genome-wide epigenetic state during embryo
development and the mechanisms of induced pluripotency
[14,15]. Previous work showed that in mouse and Xenopus
oocytes, TBP is dispensable and TBP2 is the major factor for the
germ cells, since TBP2 mRNA has been detected specifically in the
oocyte and TBP2 protein localizes in the nucleus [16,17]. TBP
and TBP2 could mediate transcription by RNA polymerases in
oocytes [17,18]. Although TBP is dispensable for oocyte matura-
tion and early embryo development, TBP protein exists in the
nucleus of oocytes and zygotes [19]. The nuclear concentration of

During the cell division process, the preinitiation complex is
critical for the initiation of general gene transcription. This
complex includes RNA polymerase II (Pol II) and the general
transcription factors TFIIA, B, D, E, F and H [4]. While TBP
(TATA-binding protein) is the core component of promoter
recognition factor TFIID [5]. TBP could regulate the binding of
TFIID to the promoters, while TBP-like factor (TLF/TRI2/TRP)
and TBP2 (TRF3/TBPL2) are shown to mediate Pol II
transcription [6,7]. In the mitosis of somatic cells, TBP is proved
to be a gene bookmarking factor [8,9]. Evidence from the
localization pattern of GIFP-tagged-TBP showed that TFIID
remains tightly at the condensed chromosomes in mitotic cells
[10], and TBP also remain associated with promoters of genes that
are active in cells. Moreover, TBP could recruits PP2A and

TBP decreased during oocyte growth, and increased in a time-
dependent fashion following fertilization. However, the results
examined by immunofluorescence method may be due to the
defects that the antibody could not bind the chromosomes.
Moreover, the localization pattern of TBP during mouse early
embryo development is still unknown.

PLOS ONE | www.plosone.org 1 January 2013 | Volume 8 | Issue 1 | e55425



In present study we produced GFP tagged TBP mRNA and
injected into mouse oocytes and zygotes to examine the
localization pattern of TBP. Our results further confirmed that
TBP was removed from the chromosomes by some unknown
mechanism in oocytes in an exogenous TBP approach, more
importantly we found that TBP expressed at M phase of
blastomere in embryos from 2-cell stage. Overexpression of TBP
caused the failure of oocyte maturation and embryo development.
Therefore, TBP may be not only a transcription factor but also a
marker for the maintenance of cellular memory in mouse embryo.

Results

Exogenous GFP-TBP disperses from chromosomes during

mouse oocyte maturation

We produced GFP-TBP mRNA and microinjected into the GV
stage oocytes and zygotes respectively. After 2 h incubation, the
exogenous GFP-TBP successfully expressed and was detected in
the germinal vesicle of oocyte and the nucleus of zygote, which is
similar with somatic cells (Figure S1). Then we examined the
dynamic expression and localization pattern of GFP-TBP during
mouse oocyte maturation. Time lapse microscopy results showed
that although the GFP-TBP accumulated in the germinal vesicle of
oocyte, GFP-TBP still dispersed from the chromosomes after
GVBD (germinal vesicle break down) (Figure 1A). Confocal
microscopy results confirmed this, the results showed that in the
MI and MII stage oocyte, there is no expression of exogenous
GFP-TBP at the chromosomes (Iigure 1B). To confirm the
specificity of GFP-TBP mRNA and the dynamic expression
pattern, we also injected H2A.Z-GFP mRNA into the oocyte, and
H2A.Z-GFP showed normal localization pattern. H2A.Z-GIFP
expressed in the germinal vesicle of GV oocyte and at the
chromosomes after GVBD (Figure 1A, B).

To confirm this, we also transfected 3T3 cells with GFP-TBP
and examined the expression of GFP-TBP in 3T3 cells. As shown
in Figure 2, exogenous GFP-TBP signals were detected in both
interphase and mitotic (M) phase cells, which is similar with
previous work. However, there was no GFP-TBP expression at the
chromosomes (which comes from 3713 cell) of nuclear transfer
(NT) oocyte (Figure 2). Therefore, GFP-TBP was specifically
degraded in the mouse oocytes.

Localization pattern of exogenous GFP-TBP during
mouse embryo development

We then examined the localization pattern of GFP-TBP during
mouse embryo development. As shown in Figure 3, exogenous
GFP-TBP could be detected in the nucleus of zygotes but still was
removed from the chromosomes at M phase zygotes. In the 2-cell
embryos, TBP localized at the nucleus at the interphase, and
different with zygotes, we found weak GFP-TBP signal at the
chromosomes of M phase 2-cell embryos. And interestingly, GFP-
TBP also expressed largely at the chromosomes of M phase
blastomeres in the blastocysts. While in the control group, different
with GFP-TBP, H2A.Z-GFP expressed not only at the nucleus of
zygotes and interphase 2-cell embryos, but also localized at the
chromosomes of zygotes and M phase 2-cell embryos (Figure S2).
Therefore, from 2-cell stage GFP-TBP might increase at the
chromosomes of M phase mouse embryos.

Overexpression of TBP inhibits oocyte maturation and

embryo development
We also examined the effects of TBP overexpression on oocyte
maturation and embryo development. As shown in Figure 4A,
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overexpression of TBP had no effect on oocyte GVBD compared
with control group (98.8%*2.1%, n=78; H2AZ-GFP
93.3%=*6.1%, n=73; No injection, 97.5%*2.3%, n=79)
(p>0.1), but rate of MII stage oocyte was significantly lower that
the control group (64.1%*=1.2%; H2A.Z-GFP 87.8%=*3.1%; No
injection, 92.5%*3.3%) (p<<0.05). For the embryo development,
overexpression of TBP had no effect on the first cleavage
(97.9%+1.9%, n =94 vs H2A.Z-GFP 98.7%*2.1%, n="76; No
injection 100% n=70) (p>0.1), but the rate of 4-cell was
significantly lower than the control group (24.5%*5.1%, n=94
vs H2A.Z-GFP 86.8% *=1.5%, n=176; No injection 91.4%+7.5%
n=70) (p<0.05), moreover, the rate of blastocyst was also
significantly lower than the control group (11.7%%6.1%, n=94
vs H2A.Z-GFP 77.6%*3.2%, n=76; No injection 82.9%7.5%
n=70) (p<0.05) (Figure 4B). To confirm this, we also injected
GFP-TBP mRNA into one cell of early 2-cell embryos. As shown
in Figure 4C, the cell injected with GFP-TBP mRNA failed to
undergo cytokinesis and went to apoptosis, while the cell with no
GFP-TBP mRNA injection underwent normal cell division
(Figure 4C). The results indicated that overexpression of TBP
could inhibit the oocyte maturation and embryo development.

Discussion

In present study we injected GFP-tagged TBP mRNA into
mouse oocytes and zygotes to examine the expression pattern of
TBP. We found that even the exogenous GIFP-TBP was still
dispersed in mouse oocyte and zygote, but TBP was found to
localize at the chromosomes of the M phase blastomere from 2-cell
stage during embryo development. Overexpression of TBP
inhibited oocyte maturation and embryo cleavage. Since the
reprogramming occurs after fertilization, our results indicated that
TBP might be a marker for the cellular memory during mouse
embryo development.

It is shown that TBP is dispensable for oocytes, instead, TBP
homologue TBP2 is the major factor for the regulation of germ
cells. Moreover, TBP2 together with TBP could mediate
transcription by RNA polymerases in oocytes [16,17]. The finding
of TBP protein expression in the GV oocytes disagrees with results
achieved in previous studies in mouse and Xenopus oocytes
[16,17], where only the TBP2 has been evidenced at this stage of
development. Moreover, these studies also showed that, when
artificially provided, TBP can substitute for TBP2 in the oocytes
core transcription machinery, as the two proteins share 95%
sequence identity in the core domain. On the other hand, another
study evidenced TBP protein in GV oocytes by immunofluores-
cence, resulting in a controversy [19]. Our results, which
examined the localization of exogenous TBP, showed this
expression pattern: although exogenous TBP could accumulate
in the germinal vesicle, it was still disappeared from the
chromosomes after oocyte GVBD, indicating that there was some
unknown mechanism to regulate this process. To further examine
whether this mechanism is specific for oocyte, we also examined
the localization pattern of GFP-TBP in 3T3 cells, and similar
results were shown compared with previous work [10], GFP-TBP
localized at the chromosomes at M phase cells, which is the feature
of TBP as gene bookmarking factor [1]. Furthermore, when a
nucleus of a 3T3 cell expressed GFP-TBP was transmitted to an
enucleated oocyte, GFP-TBP was still dispersed from the
chromosomes of the donor (3T3) cell; which suggest that a specific
mechanism that removes TBP from the chromosomes exist in the
oocyte.

In early embryos the maternal TBP mRNA translation is
activated to produce an abundant pool of TBP before zygotic gene
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Figure 1. Localization pattern of GFP-TBP in mouse oocytes. (A) Time lapse results of GFP-TBP expression during mouse oocyte meiotic
maturation. GFP-TBP accumulated in the germinal vesicle after 2 h culture with IBMX but degraded at 4 h with fresh medium, while the control
H2A.Z-GFP localized at the chromosomes after 4 h culture. (B) Confocal microscopy results of GFP-TBP localization during mouse oocyte meiotic
maturation. In the GV stage, GFP-TBP accumulated in the germinal vesicle; in the Ml and MIl stage, no GFP-TBP signals were found at the
chromosomes of oocytes. The control H2A.Z-GFP localized at the chromosomes of Ml and MIl stage oocytes. Bar=20 um.

doi:10.1371/journal.pone.0055425.g001

activation (ZGA), indicating that TBP may be involved into the
embryo development [7,19,20]. However, it was shown that TBP
was dispensable for mouse embryo development. We then
explored the localization pattern of TBP at M phase blastomere
during embryo cleavage. Our results showed that similar with
oocyte, TBP was still dispersed from the chromosomes during the
first cleavage of embryo. Since the maternal components still rule
this process, together with the degradation of TBP in oocyte, it is
reasonable to hypothesize that it is the maternal components
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Figure 2. Localization of GFP-TBP in 3T3 cells and NT oocytes.
GFP-TBP localized at the nucleus of interphase 3T3 cells and
chromosomes of M phase 3T3 cells. However, no GFP-TBP signal was
found at the chromosomes of NT oocytes.
doi:10.1371/journal.pone.0055425.9g002
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which regulate the localization of TBP to the chromosomes.
However, the inhibition mechanism might be unlocked at 2-cell
stage, since we detected the weak signal at the chromosomes in the
M phase 2-cell embryos. The reprogramming occured after
fertilization and zygotic gene activation (ZGA) initiated at the late
2-cell stage, which is important for the regulation of the genome-
wide epigenetic state and the mechanism of induced pluripotency.
To prove our hypothesis, we also examined the few blastocysts we
got after GFP-TBP mRNA microinjection, and we found at GFP-
TBP expressed strongly at the chromosomes of M phase
blastomeres. TBP was shown to accumulate at the chromosomes
of M phase somatic cells, and this was the feature of TBP as gene
bookmarking factor. Therefore, the expression of exogenous TBP
at the chromosomes of 2-cell embryo indicated that TBP might
also be a cellular memory marker for the maintenance of genome-
wide reprogramming during embryo development.
Opverexpression of GFP-TBP caused the failure of mouse oocyte
maturation and embryo development, indicating that the repres-
sion of TBP activity in the oocytes and zygotes is necessary for the
normal development. Our results indirectly confirmed the
previous work which showed that TBP is dispensable for oocyte
maturation [16,17]. However, it is still unclear why embryo
development is affected after TBP overexpression, since depletion
of TBP has no effect on the ovulation and fertilization [17]. One
hypothesis is that exogenous mRNA may have toxic effect on the
cell. Moreover, the fact that overexpression of TBP leads to a
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Figure 3. Localization of GFP-TBP in mouse embryos. GFP-TBP
signals were found at the nucleus of interphase of the zygotes and 2
cell embryos. In the M phase of zygotes, there was no GFP-TBP
expression; In the M phase of 2-cell embryos, a weak GFP-TBP signal
was found at the chromosomes; in the blastocyst, GFP-TBP was
detected at the chromosomes of M phase blastomeres. Arrow shows
the chromosome localization of exogenous TBP expression.
Bar=20 um.

doi:10.1371/journal.pone.0055425.9g003

Blastocyst

failure in oocyte maturation and embryo development may
support the hypothesis that TBP is replacing ‘natural’ TBP2.

In conclusion, our results confirmed the remove of TBP in
mouse oocytes, and showed that the expression of TBP at the
chromosomes at M phase blastomeres from 2-cell stage during
mouse embryo development. It is necessary to remove that TBP
exogenously added from chromosomes for oocytes and maternal-
controlled zygotes, since overexpression of TBP caused aberrant
oocyte maturation and embryo development. We concluded that
TBP may be also a gene bookmarking factor to maintain cellular
memory after the reprogramming in mouse embryos.

Materials and Methods

Ethic statement

Animal care and use were conducted in accordance with the
Animal Research Institute Committee guidelines of Nanjing
Agricultural University, China. Mice were housed in a tempera-
ture-controlled room with proper darkness-light cycles, fed with a
regular diet, and maintained under the care of the Laboratory
Animal Unit, Nanjing Agricultural University. The mice were
killed by cervical dislocation. This study was specifically approved
by the Committee of Animal Research Institute, Nanjing
Agricultural University.
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Oocyte and zygote collection

Germinal vesicle-intact oocytes were collected from the ovaries
of 6- to 8-week-old BDF1 mice and were cultured in o-MEM
medium (Gbico) under paraffin oil at 37°C, 5% CO,. Oocytes
were then collected for microinjection. For zygotes collection, after
injection PMSG for 48 h, the 6- to 8-week-old BDF1 mice were
injected with hCG and mated with male mouse immediately.
Zygotes were collected after 18 h and were cultured in o-MEM
medium (Gbico) under paraffin oil at 37°C, 5% CO,.

GFP-TBP and H2A.Z GFP mRNA production

pEGFP-TBP-C1 vector was a gift from Professor Aoki at
University of Tokyo, Japan. H2A.Z mRNA and first strand cDNA
were generated from the mouse liver. After extracting the PCR
product with gel extraction kit (Promega), the H2A.Z ¢cDNA was
subcloned to TOPOII vector and transfected into Topl0 E.coli.
We then extracted plasmid (Tiangen Kit) and acquired the correct
sequence by double enzyme cut (EcoRI,Bgll). The H2A.Z ¢cDNA
was subcloned into pEGFP-N1 vector for in vitro transcription. The
pH2A.Z-GFP-N1 plasmid was linearized by Hindlll and purified
by gel extract kit (Promega). T7 message machine (Ambion) was
used for producing capped mRNA, and then mRNA was purified
by RNeasy cleanup kit (Qiagen).

GFP-TBP and H2A.Z GFP mRNA microinjection

The microinjection was performed as previous described
[21,22]. Approximately 5-10 pl of GFP-TBP and H2A.Z GFP
mRNA was microinjected into the cytoplasm of a fully-grown GV
oocyte or zygote using an Narishige microinjector (Narishige Inc.,
Sea Cliff, NY) with a Nikon Diaphot ECLIPSE TE300 inverted
microscope (Nikon UK Ltd., Kingston upon Thames, Surrey, UK)
equipped with a Narishige MMO0-202N hydraulic three-dimen-
sional micromanipulator (Narishige Inc., Sea Cliff, NY). After
mjection, the oocytes were cultured in a-MEM medium contain-
ing 0.2 pg/ml IBMX for 3 h, and then washed five times in fresh
o-MEM medium. The zygotes were cultured in fresh a-MEM
medium. The ooctyes with GFP-fluorescence were cultured in o-
MEM medium without IBMX under paraffin oil at 37°C in an
atmosphere of 5% CO, in air.

Nuclear transfer

The transfection of NIH 3T3 cells with GFP-TBP mRNA and
the enucleation of oocytes was conducted as described previously
[23]. The nuclei of NIH 3T3 cells were introduced into the
enucleated oocytes by electrofusion, using a DC pulse of 1,500 V/
cm for 20 pus in 300 mM mannitol that contained 0.1 mM
MgSOy, 0.1 mg/ml polyvinyl alcohol, and 3 mg/ml bovine serum
albumin.

Time-lapse microscopy and confocal microscopy

Oocytes were incubated with «-MEM medium for imaging
chromosome dynamics during oocyte maturation. Images were
taken by a 20x/0.5 objective lens (Carl Zeiss, Germany) under a
computer controlled video microscope (Carl Zeiss, Germany). We
captured images every 20 min and the ZEN software (Carl Zeiss)
was used to analyze the resulting video files.

For confocal microscopy, the samples were co-stained with
DAPI for 10 min, and then examined with a confocal laser-
scanning microscope (Zeiss LSM 700 META). At least 20 oocytes
were examined for each group.
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Figure 4. Effects of GFP-TBP overexpression on mouse oocyte maturation and embryo development. (A) Rates of GVBD oocytes and Ml
oocytes in GFP-TBP overexpression group. Overexpression of TBP had no effect on oocyte GVBD compared with control group, but rate of MIl stage
oocyte was significantly lower that the control group. (B) Rates of 2-cell embryo, 4-cell embryo and blastocyst in GFP-TBP overexpression group.
Overexpression of TBP had no effect on the first cleavage, but the rate of 4-cell was significantly lower than the control group. Moreover, the rate of
blastocyst was also significantly lower than the control group. (C) The embryo development after the injection of GFP-TBP mRNA into one cell of 2-
cell embryos. The cell which was injected with GFP-TBP mRNA failed to undergo cell division. The cell with no injection showed normal cell division.
Arrow shows the nucleus localization of exogenous TBP expression. *, significantly different (p<<0.05). Bar =20 um.

doi:10.1371/journal.pone.0055425.g004

Data analysis

At least three replicates were performed for each experiment.
Statistical analyses were conducted using an analysis of variance
(ANOVA) and differences between treatment groups were
evaluated with Duncan’s multiple comparison test. Data were
expressed as mean * SD and p<0.05 was considered to be
statistically significant.

Supporting Information

Figure S1 Identification of the expression of GFP-TBP
mRNA in oocytes and zygotes. GIP-TBP successfully
expressed in the germinal vesicle of oocytes and pronucleus of
zygotes. The constructed GFP-TBP mRNA was also identified.
Bar =50 pm.

(TTF)
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