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ABSTRACT

Embryonic genome activation (EGA) is a highly complex phenomenon that is controlled at various levels. New
studies have ascertained some molecular mechanisms that control EGA in several species; it is apparent that these
same mechanisms regulate EGA in all species. Protein phosphorylation, DNA methylation and histone modification
regulate transcriptional activities, and mechanisms such as ubiquitination, SUMOylation and microRNAs post-tran-
scriptionally regulate development. Each of these regulations is highly dynamic in the early embryo. A better under-
standing of these regulatory strategies can provide the possibility to improve the reproductive properties in mammals
such as pigs, to develop methods of generating high-quality embryos in vitro, and to find markers for selecting de-

velopmentally competent embryos.
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INTRODUCTION

Embryo development, giving rise to a viable off-
spring, is dependent, at early stages, upon factors that
have been stored in oocytes during oogenesis. These
factors provide requirements for the oocyte maturation
with the adequate stores of information to support com-
plete development. A developmentally competent oocy-
te is the result of proper growth and nuclear and cy-
toplasmic maturation of the oocyte. Gene expression
provides the information necessary for early develop-
ment which is stored in the form of RNA or protein.

A transcriptionally active oocyte undergoes a tran-
sition to a silenced state in a dynamic manner. After
fertilization, transcription activity is reactivated in the
early animal embryo. This requires that the basal tran-
scription machinery and the chromatin architecture be
reorganized at different levels. Thus, transcription can
be modulated in the embryo; a mechanism coordinated
with the specific developmental characteristics of each
animal and generally established by maternal factors
(Zurita et al., 2008).

In females, primordial germ cells differentiate into
oocytes. Oocytes in mammals are arrested at the pro-
phase of the first meiotic division after birth. At this
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point, genetic material is dispersed throughout the nu-
cleoplasm (germinal vesicles in oocytes), and this con-
figuration is maintained until the first surge of gonado-
tropins at the beginning of puberty (Zoccotti et al., 2011)
Oocytes undergo a change in chromatin shape via in-
crease in size. For instance, two oocyte types are recog-
nizable within antral follicles in mice, based on chro-
matin configuration. In one type, the huge nucleolus is
not surrounded by chromatin (NSN type), while in the
other, the nucleolus is encompassed by a dense rim of
chromatin (SN type) (Bouniol-Baly et al., 1999). A num-
ber of studies have suggested that the SN configuration
appears after NSN with the progression of oocyte
growth (Debey et al., 1993; Zoccotti et al., 1995; Bou-
niol-Baly et al., 1999). These oocyte types have addi-
tionally been observed in other mammalian species, in-
cluding pigs (Crozet et al., 1981).

The above chromatin configuration patterns are ac-
companied by dramatic changes in the global transcrip-
tion level in oocytes. Earlier research has shown that in
mouse oocytes from large antral follicles, transcriptional
activity is completely quiescent (Moore et al., 1974),
while other studies have reported the incorporation of
(H) uridine in mouse germinal vesicle oocytes (Bloom
and Mukherjee, 1972; Rodman and Bachvarova, 1976;
Wassarman and Letourneau, 1976; Kopecny et al., 1995).
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Furthermore, investigation of the transcriptional activity
of preovulatory oocytes in other mammalian species, in-
cluding human (Miyara et al.,, 2003), cattle (Fair et al.,
1995), and pigs (Mutlik and Fulka, 1986; Tan ef al.,
2009) has revealed a dramatic decrease in RNA poly-
merase II (Pol II)-dependent RNA synthesis in growing
oocytes.

In mice, only a faint transcriptional activity in the
male pronucleus, producing no functional mRNAs, can
be detected, and there is little or no transcription be-
tween germinal vesicle breakdown (GVBD) and the 4-
cell stage in the pig. Thus, it is obvious that the stored
information in the oocyte is sufficient to manage the
first cell cycles and establish the proper chromatin con-
figuration. Pol II and its transcription factors are mater-
nally inherited to the newly formed zygotes and come
to function at the time of EGA. Nuclear translocation
and phosphorylation of Pol II carboxyl-terminal domain
(CTD) delineate the two phases of embryonic gene acti-
vation in mammalian embryos.

GENERAL TRANSCRIPTION FACTORS

Transcription of cellular genomes in all domains of
life is carried out by essentially orthologous enzymes, mul-
ti-subunit DNA-dependent RNA polymerases (RNAPs).
Nuclear RNAPs in eukaryotes are represented by a
minimal set of three classes: Pol I transcribing riboso-
mal RNA genes; Pol II carrying out the synthesis of
messenger RNA and a subset of small non-coding
RNAs; and Pol III synthesizing transfer RNAs; 5S
RNA, and the bulk of small non-coding RNAs (Werner
et al., 2009, Razin et al., 2011; Kuhn et al., 2007). All
three polymerases are composed of several subunits
and have high structural similarities in the enzymatic
core. However, only Rpbl, the largest subunit of Pol II
evolved a unique, highly repetitive carboxy-terminal do-
main, termed CID (Chapman et al, 2008; Liu et al,
2008), which plays a central role in the complex regu-
lation of genes.

RNA synthesis is carried out by involving many
transcription factors. In eukaryotes, Pol II is responsible
for transcription of mRNA and most small nuclear RNAs.
Transcription of class II genes requires the coordinated
assembly of Pol II and six general transcription factors;
these are TFIIA, TFIIB, TFIID, TFIE, TFIIF, and TFIIH
(Sikorski and Buratowski, 2009). Mostly using in vitro
assays, the function of these factors has been experi-
mentally determined (Han, 2004). TFIIA for example,
stabilizes TFIID to bind to target DNA (Solow et al.,
2001). The function of TFIIB is generally attributed to
positioning of transcription initiation and stabilization

of TATA box-binding protein (ITBP) -TATA complex (Or-
phanides et al., 1996; Ranish et al., 1999). TBP in addi-
tion to more than fourteen other TBP-associated factors
(TAFs), forms TFIID and recognizes and binds to pro-
moter elements; in fact, TFIIA and TFIIB incorporations
to transcription initiation are mediated by binding of
TAFs to DNA closed to transcription start sites (Tho-
mas and Chiang, 2006). Some tissue specific variants of
TAFs also have been found in eukaryote. Some animals
also have TBP-related factors that show specific and in
some cases, equivalent functions to TBP (Thomas and
Chiang, 2006; Buratowski et al., 1989; Hiller et al., 2001).
In addition to TFIID, some TAFs also bind to other
factors. TBP also can involve in transcription activities
such as protein phosphorylation, ubiquitin activation and
histone acetylation, which are necessary at some points
in different promoters for their transcriptional activities
(Thomas and Chiang, 2006; Buratowski et al., 1989; Ha-
hn, 2004).

TFIIE also has been shown that binds selectively to
inactive form of Pol II (unphosphorylated CID), inter-
acts with TFIIF and recruits TFIIH, facilitating the for-
mation of an initiation complex followed by promoter
clearance (Maxon et al., 1994; Goodrich and Tijian 1994).
TFIIF also has been shown to recruit TFIIE and TFIIH
and involves in the formation of initiation complex.
This factor in concert with TFIIB is involved in recog-
nition of transcription initiation site and promotion of
elongation phase of transcription (Ghazy et al., 2004;
Shilatifard et al., 2003). Another essential transcription
factor is the multifunctional TFIIH complex. It has been
shown that TFIIH components are involved in DNA re-
pair process as well as in control of the cell cycle (Zu-
rita and Merino, 2003). Two components of TFIIH with
helicase activity, XPB and XPD, facilitate the formation
of transcription initiation complex and another TFIIH
subunit, CDK7, promotes the phosphorylation of Pol II
CTD allowing Pol II to escape from the promoter (Tho-
mas and Chiang, 2006).

RNA POLYMERASE II CTD

Transcriptional initiation commences with formation
of the first phosphodiester bond and phosphorylation
of serine 5 (Ser5) (by TFIIH) in the C-terminal domain
(CID) of the largest subunit of Pol II. CTD is com-
posed of multiple tandem heptapeptides with the evo-
lutionary conserved consensus motif Tyrl-Ser2-Pro3-Thr4-
Ser5-Pro6-Ser7. The CTD differs in length dependent on
the complexity of the organism (Liu ef al., 2010). While
budding yeast (Saccharomyces cerevisiae) has 26 repeats,
which nearly all obey the consensus sequence, mamma-
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lian CTD comprises 52. The increased number of re-
peats goes along with deviations from the consensus
sequence, mainly in the distal part of the CTD. Non-
consensus repeats diverge predominantly at position 7
by replacement of serine to lysine or other amino acids
and might execute particular tasks. Genetic analysis re-
vealed that insertion of additional amino acids between
single heptads is lethal in yeast, while insertion after
tandem repeats is tolerated. This suggests that the mi-
nimal functional unit of CTD lies within a di-heptad
(Liu et al., 2010; Stiller and Cooke, 2004). Although the
CID is dispensable for the catalytic activity of Pol II
(Serizawa et al., 1993), it is essential for life. Deletion of
CTD repeats or extensive truncation of CTD results in
inviability (Meininghaus et al., 2000). During transcrip-
tion, the CTID serves as a docking platform for a broad
diversity of factors. The capability to interact with dif-
ferent molecules at different stages of the transcription
cycle is achieved by the dynamic structural plasticity of
CID together with the variety of binding surfaces gene-
rated by extensive posttranslational modification of hep-
tapeptide repeats (Phatnani and Greenleaf, 2006). With
tyrosine, threonine and three serines, five out of seven
residues of a repeat can be modified by phosphoryla-
tion, while the two prolines can undergo isomerization
between cis- and trans-conformation. Thus, all amino
acid residues of a heptapeptide repeat could potentially
be modified. Additionally, serine and threonine resi-
dues can also be glycosylated (Kelly et al., 1993) and
arginine and lysine residues of the non-consensus re-
peats can be target of methylation.

EMBRYONIC GENOME ACTIVATION

The maternal-zygotic transition is a critical event in
early embryogenesis. This transition transforms the hi-
ghly differentiated oocyte into a totipotent blastomere,
and is complete at a species-specific time for instance,
by the two-cell stage in mice. During this transition,
maternal mRNAs are degraded and the embryonic ge-
nome is activated (Schultz, 2002). Genome activation re-
sults in the replacement of transcripts common to both
the oocyte and the embryo and the generation of new
transcripts necessary for further development. Develop-
ment of mouse embryos unable to accomplish genome
activation is terminated at the two-cell stage.

The study of different model organisms has revealed
that maternal mRNAs and proteins are deposited into
the matured oocyte cytoplasm. For example, about 50%
of the mRNAs encoded in the Drosophila genome are
present in the early embryo by maternal contribution
(Tadros et al, 2007). The total genome encoded tran-

scripts contain about 40% of mRNAs that maternally
deposited into the zygote in mice (Wang et al., 2004).
In C. elegans early development, maternal factors are se-
gregated and then involve in EGA. In this case, the
first surge of transcription is seen at 4-cell stage. Inte-
restingly, inactivation of transcription by RNA interfer-
ence or by a-amanitin, a toxin specifically inhibiting
Pol II in low concentrations, has no effect on embryo
transcription until post-gastrulation. This indicates that
maternally stored information is enough to drive cell
divisions until 100-cell stage in C. elegans.

Xenopus has been a classical vertebrate model for the
study of transcription onset in the early embryo. As a
pioneering study in the field, Lanclos and Hamilton
(1975) showed that high transcriptional activity oc-
curred during Xenopus oogenesis, but transcription was
inactivated at oocyte maturation. Similar to post-fertil-
ization Drosophila embryos, the Xenopus embryo under-
goes 11 rapid mitotic cycles that transcriptionally silent
(Maller et al., 2001), with maternally contributed factors
mediating embryonic development. Although a small
amount of transcriptional activity can be detected after
the sixth mitotic division in Xenopus embryos (Maller et
al., 2001), global EGA begins at the mid-blastula tran-
sition (MBT), when the embryo is at the 4,000-cell sta-
ge.

In mammals, EGA occurs at different developmental
stages depending on the species. In mouse, high tran-
scriptional activity occurs during early oogenesis, then
after GVBD, the oocytes arrest at metaphase II and no
transcription is detected (Bacharova, 1985). This process
takes about 14 h; transcription can then be detected on-
ly about 10 h later, after fertilization and only when
the pro-nuclei are already formed. During this time,
several cytoplasmic processes take place, including the
translation and systematic degradation of maternally
deposited mRNAs (Aoki et al., 1997). From the one-cell
stage to the two-cell stage, a degradation of about 90%
of the stored RNA in the oocyte takes place (Schultz,
2002). Thus, some of the basal transcription factors or
their corresponding mRNAs are maternally contributed
and used to activate embryo transcription. For still un-
known reasons, most of the transcription that occurs at
the one-cell stage happens in the male pro-nuclei
(Schultz, 2002). In the mouse, two transcriptional stages
have been identified: a minor transcriptional wave at
the one-cell stage, and a second major wave at the two-
cell stage (Forlani et al., 1998). These findings are sup-
ported by the results of experiments showing that the
one-cell stage features significant Pol II-dependent in-
corporation of bromouridine triphosphate (BrUTP) into
RNA, and RNA synthesis is accompanied by an ob-
vious increase in BrUTP incorporation at the two-cell
stage. BrUTP uptake during the one-cell stage is only
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40% of that at the two-cell stage. The higher levels of
BrUTP incorporation seen at the two-cell stage are ma-
intained at subsequent developmental stages (Forlani et
al., 1998; Aoki and Schultz, 1999). Therefore in the mou-
se, the basal transcription machinery is ready to acti-
vate, after fertilization, the transcription of characteristic
genes such as those encoding heat shock proteins, tran-
scription factors, components of the translational machi-
nery and factors involved in splicing (Aoki et al., 1997;
Forlani et al., 1998; Aoki and Schultz, 1999).

EGA and Maternal mRNA Degradation

Recently, it has been considered that maternally en-
coded mRNAs are liked to activation of embryonic
transcripts. For example, maternal mRNA degradation
occurs at the same time with embryonic gene activa-
tion in Drosophila (Bashirollah et al., 1999). The zygotic
transcripts are especially enriched in transcription fac-
tors that modulate the subsequent differentiation pro-
gram. Interestingly, the earlier zygotic transcripts come
from intronless genes that are regulated by a specific
transcription factor that enhances its expression at EGA
(De Renzis et al., 2007).

The mouse early embryonic development also has
been studied to discern about the first genes being ex-
pressed at the time of EGA. In two recent studies, em-
bryos treated or not with a-amanitin profiled in one-
cell to two-cell transition using microarray transcript
profiling. One study identified only one transcript sen-
sitive to a-amanitin (Hamatani et al,, 2004). Another
study, reported that mRNA transcripts sensitive to a
-amanitin in the one-cell stage were not found (Zeng
and Schultz, 2005). A possible explanation is that in
the a-amanitin-treated embryos, BrUTP incorporation
at the one-cell stage is due to the transcription of
polyA— Pol II-dependent RNAs like small nuclear RNA,
small nucleolar RNA and histone transcripts. It is also
possible that in the methods used, mRNAs with very
short polyA" tails could not be detected. Based on
these results, it can be speculated that de novo tran-
scription (Pol II-dependent BrUTP-RNA incorporation)
in the one-cell-stage embryo only includes a small frac-
tion of the total mature mRNAs detected in the micro-
array experiments. It is likely that most of them are
maternal transcripts that encode components used in
mRNA metabolism and protein synthesis that are re-
quired for the embryo to continue and maintain devel-
opment from the one cell to the two cell stage, but not
further, since about 90% of the oocyte-stored RNA is
degraded by the end of the two-cell stage (Aoki and
Schultz, 1999; Evsikov et al., 2006) and later devel-
opmental stages (Hamatani et al., 2004).

CTD Phosphorylation and EGA

Pol II CID phosphorylation is influenced by basal
transcription factors and this influence has been subject
of studies to understand the molecular nature of EGA.
It has been observed that short before embryonic ge-
nome is activated, maternally contributed Pol II as well
as components of basal transcription machinery are
translocated from the cytoplasm to the nuclei. In fly
for instance, large subunit of Pol II and also TATA
binding protein begin to be detectable at 7" cell cycle
and after on, that is concomitant with the beginning of
the first transcriptional activity (Seydaux and Dunn,
1997; Wang and Lindquist, 1998).

Similar to other species, mouse oocytes also contain
a large amount of Pol II. The CTD shows a dynamic
phosphorylation pattern during the course of oocyte
maturation and fertilization, since, the levels of phos-
phorylated CTD decrease during oocyte maturation and
increase after fertilization at the end of the one-cell
stage, concomitant with the first surge of transcription
(Bellier et al, 1997). In these embryos, about 9 h after
fertilization, Pol II accumulates in the pronuclei espe-
cially in the male pronucleus. Inhibition of RNA or
protein synthesis does not impair this nuclear trans-
location, and therefore the program established during
oocyte development is followed. Therefore, the nuclear
translocation of Pol II and its CTD phosphorylation are
determinants of developmental regulation for EGA in
the mouse (Bellier et al.,, 1997). In addition, components
of the TFIID factor like TBP and TAF1 are practically
undetectable in the pro-nuclei after fertilization. TBP
can be identified inside the male mouse pro-nuclei af-
ter 4 h post-fertilization and TAF1 after 6 h. Therefore,
the nuclear localization of TBP and TAF1 together with
Pol II translocation from the cytoplasm to the nuclei
correlates with EGA. Data from Drosophila and mice
suggest that activation of the basal transcription machi-
nery is a limiting step for genome activation (Wang et
al., 2006; Worad ef al., 1994). However, these experi-
ments cannot distinguish if the regulated translocation
of the basal transcription machinery causes transcrip-
tion onset or, due to transcriptional activation, the bas-
al transcription components accumulate in the early
embryo nuclei.

RNA POLYMERASE II CTD KINASE

P-TEFb

Searches for enzyme(s) responsible for the Pol II
CTD phosphorylation revealed that the CTD is a major
target of CDK9 kinase activity, and the distinct phos-
phorylation states of the enzyme are associated with
different functionalities. This oscillation of CTD phos-
phorylation regulates recruitment of various factors re-
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quired throughout transcription (Sims et al., 2004).

Positive transcription elongation factor b (P-TEFb),
also termed CDKY/cyclin T1, the metazoan Pol II CTD
kinase, regulates transcription elongation by phospho-
rylating Ser2 of the CTD and Negative Elongation Fac-
tor-E (NELF-E) (Reese, 2003; Orphanides and Reinberg,
2002; Price, 2000; Bres et al., 2008). Phosphorylation of
NELF-E removes the block against early transcriptional
elongation induced by binding of the NELF complex to
the nascent transcript (Yamaguchi et al, 1999; 2002).
Within the cell, P-TEFb exists in two forms, designated
the large and the free forms (Yang et al., 2001; Nguyen
et al., 2001). The kinase-active free form contains CDK9
and one of several cyclin regulatory subunits (cyclin
T1, cyclin T2a, cyclin T2b, or cyclin K) with cyclin T1
being predominant in many cell types (Peng et al.,
1998; Fu et al., 1999). The kinase-inactive large form of
P-TEFb additionally contains 7SK RNA (Yang et al.,
2001; Nguyen et al., 2001) and either hexamethylene bi-
sacetamide-induced protein 1 (HEXIM1) (Yik et al., 2003;
Michels et al., 2003) or HEXIM2 (Byers et al., 2005). In
Hela cells, 50-90% of P-TEFb exists as the large form,
with the remaining protein being in the kinase-active
free form (Yang et al., 2001, Nguyen et al., 2001, Mi-
chels et al.,, 2003; Byers et al., 2005). It is hypothesized
that the large form of P-TEFb serves as a reservoir for
the free form.

Flavopiridol is a potent anti-cancer and -HIV ther-
apeutic agent currently under investigation in clinical
trials (Senderowicz and Sausville, 2000; Kelland, 2000).
This compound is the most potent inhibitor of P-TEFb
identified to date and the first reported CDK inhibitor
that acts in a manner that is not competitive with ATP
(Chao, 2000). Flavopiridol inhibits transcriptional elon-
gation in vitro by targeting CDK9; the IC50 value of
this effect is 5-10-fold lower than that noted when ef-
fects on other CDKs are assessed (Chao and Price, 2001).
Nuclear run-on transcription assays have shown that
flavopiridol inactivates P-TEFb and blocks most Pol
II-mediated transcription in vivo (Chao and Price, 2001).

Phosphorylation of the CID plays a further im-
portant role in co-transcriptional mRNA processing in
vivo. Specifically, the phosphorylated protein serves as
a binding platform for factors involved in 5' end cap-
ping, splicing, and 3' end-processing of pre-mRNA, as
well as chromatin modification (Pirngruber et al., 2009).

P-TEFb is required for transcription of most genes,
including heat-shock genes and c-Myc, and also for
HIV-1 transcription by trans-activator of transcription
(TAT) (Zhou and Yik, 2006). Shim et al. (2002) reported
that P-TEFb was, in general, essential for expression of
early embryonic genes in C. elegans. Notably, P-TEFb is
essential for the expression of early embryonic genes
and the phosphorylation of Ser 2 in the CTD and the

elongation factor SPT-5. Experiments in C. elegans have
shown that P-TEFb and SPT-4/SPT-5 have opposing func-
tions during Pol II elongation, and P-TEFb is thought
to mediate several different post-initiation pathways
(Shim et al., 2002). However, it is not yet known how
P-TEFb functions in these differential pathways. In ad-
dition, the role of P-TEFb in early gene expression has
not yet been analyzed in the four-cell C. elegans em-
bryo or 2-cell stage mouse embryo when genome acti-
vation occurs.

In the first genetic study of P-TEFb components, Sh-
im et al. (2002) showed that Ser2 phosphorylation is
eliminated upon genetic inactivation of CDK9 or its cy-
clin T1 subunit. C. elegans development is arrested at
the 100-cell stage in the absence of cyclin T1 or CDKY;
this is precisely what is noted upon knockdown of the
large subunit of Pol II. Experiments using yeast and
Drosophila have shown that CDKO9 is vital for all of ap-
propriate 3' end-processing of pre-mRNA (Ni et al,
2004; Ahn et al., 2004), gene expression, histone methyl-
ation, and elongation factor recruitment (Eissenberg et
al., 2007).

TFIIH

TFIIH, composed of CDK7, Cyclin H and MAT], is
the kinase responsible for the phosphorylation of the
CID at Ser5. This kinase has been studied using muta-
tions and RNAIi in C. elegans to understand embryonic
transcription in very early stages of development. Al-
though, embryonic transcripts are not needed until 100-
cell stage, CDK7 inactivation led to developmental ar-
rest at 50-cell stage. It suggested that CDK7 also had a
role in cell cycle regulation. Inactivation of CDK7 ei-
ther by antibody injection or by mutation in Drosophila
shows a similar observation in other studies (Aguilar-
Fuentes et al., 2006, Larochelle, et al., 2001; Leclerc, et
al., 2000). In both C. elegans and Drosophila, the early
expression patterns of the zygotic genes were changed.
Additionally, CTD phosphorylation was reduced and
the cell cycles were prolonged (Larochelle, et al., 2001;
Leclerc, et al., 2000). Surprisingly, genetic inactivation of
CDK7 in mice reveled that this kinase is dispensable
for global transcription (Ganuza et al., 2012). In embry-
onic fibroblasts generated from CDK7 null mice, CTD
phosphorylation was unaffected but phosphorylation
levels of CDK1 and CDK2 were reduced indicating the
importance of this kinase in cell cycle regulation.

RNA POLYMERASE CTD PHOSPHATASE

TFIIF-associated CTD phosphatase, FCP1, has been
characterized as first Pol II CTD phosphatase in HeLa
cells (Chambers and Dahmus, 1994). In 2007, Walker et
al. proposed a model, based on analyses of CTD phos-
phorylation dynamics in C. elegans, suggesting that trans-
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cription activation is prepared during oocyte matura-
tion. Depletion of FCP1 by RNA interference in tran-
scriptionally inactive oocytes showed that CTD phos-
phorylation at Ser5 is elevated in these cells. On the
other hand, RNAi inhibition of FCP1 together with CD-
K7 or components of preinitiation complex does not in-
crease Ser5 CTD phosphorylation, suggesting that the
CTD phosphorylation occurs in the context of the pre-
initiation complex. This model proposes that in oocytes,
gene expression is silenced due to abortive transcrip-
tion. The basal transcription machinery, however, is al-
ready positioned at gene promoters that require rapid
activation at EGA. When oocyte maturation is stimu-
lated, there is also an increase in the Ser5-phosphory-
lated CTD, supporting the above hypothesis. Important-
ly, this study reveals that the balance and regulation
between CTD phosphatases and CTD kinases play a
major role in EGA. However, other components of the
PIC are required for CID phosphorylation and it has
not been demonstrated that phosphorylated Pol II and
the rest of the basal transcription machinery are posi-
tioned in chromatin that is going to be transcribed at
EGA. An utmost important task will be answering this
question, since the system is highly dynamic. In Xeno-
pus, CID phosphorylation is a key aspect in the ini-
tiation of mRNA synthesis (Palancade, et al., 2001a).
After fertilization, the CTID is rapidly dephosphorylated
in the Xenopus embryo. This unphosphorylated state is
maintained throughout several divisions, and then the
CID is rapidly phosphorylated at the mid-blastula
transition (Palancade, et al., 2001b). In Drosophila, using
transgenic lines in which the function of FCP1 was
misregulated, Tombacz et al. (2009) showed that FCP1
function is essential throughout Drosophila development
and ectopic up- or down-regulation of FCP1 results in
lethality. The role of FCP1 in CTD dephosphorylation
and its potential impact on EGA in mammals are lar-
gely unknown. Altogether, data from the experiments
on model organism reveal the dynamics of P-TEFb,
TFIIH and FCP1 and their fundamental in CTD pho-
sphorylation. Additional work will be required to exa-
mine the mechanisms governing post-fertilization CTD
dephosphorylation in mice and other organisms.

CONCLUSIONS AND PERSPECTIVES

Although the time of EGA differs among various
species, it is demonstrated that basal transcription fac-
tors including Pol II itself, are generally maternally
inherited from the oocyte to the embryos. Among the
events studied in early embryonic development, it
seems that phosphorylation of Pol I CTD and its ef-

ranscription
factors

Mediator

Fig. 1. Schematic representation of RNA polymerase II and gen-
eral transcription factors. TFIIH is fundamental for triggering
DNA melting around transcription initiation site. CDK7 compo-
nent of TFIIH phosphorylates Pol I CTD and promotes initiation
of transcription. For more details see the text.

fects on general transcription determine the status of
transcription factors in EGA in all animals.

It is now known that animals discussed in this re-
view have two waves of transcription during EGA. The
first wave promotes a selected few genes to be tran-
scribed in early stage of development (for example in
the mouse, in one cell stage) which are likely needed
for proper cell division and/or for triggering the second
wave of transcription in which a large number of ge-
nes are transcribed (Zeng and Schultz, 2005; Hamatani
et al., 2006).

Understanding the time of transcription in different
animals has provided an insight about the pathways
controlling early animal development. It will also be
interesting to investigate how factors promoting EGA
are coordinated with the general transcription factors,
and how genome architecture determines the activation
of a somatic cell nucleus inserted into early embryo
(Inoue et al., 2006). Future advance in somatic cell clon-
ing and tissue engineering as well as address the ques-
tions such as why so few cloned embryos survive to
develop to maturity depend on to understand the me-
chanisms regulating early embryonic development. In
summary, it can be proposed that factors and compo-
nents of general transcription machinery are maternally
deposited into the egg cytoplasm. Although several
lines of evidence support this model, questions such as
what mechanism(s) regulate the nuclear translocation of
transcription factors before EGA remain to be answer-
ed. However, accumulation of new findings and avail-
ability of more advanced techniques raise the hope to
answer these questions.

REFERENCES

1. Aguilar-Fuentes ], Valadez-Graham V, Reynaud E,



10.

11.

12.

13.

14.

Transcription Machinary at Embryonic Genome Activation 47

and Zurita M (2006): TFIIH trafficking and its nu-
clear assembly during early Drosophila embryo de-
velopment. ] Cell Sci 119: 3866-3875.

. Ahn SH, Kim M, Buratowski S (2004): Phosphory-

lation of serine 2 within the RNA polymerase II
C-terminal domain couples transcription and 3' end
processing. Mol Cell 13:67-76.

. Aoki E, Schultz RM (1999): DNA replication in the

1-cell mouse embryo: stimulatory effect of histone
acetylation. Zygote 7:165-172.

. Aoki F, Worrad DM, Schultz RM (1997): Regulation

of transcriptional activity during the first and se-
cond cell cycles in the preimplantation mouse em-
bryo. Dev Biol 181:296-307.

. Aoki F, Worrad DM, Schultz RM (1997): Regula-

tionof transcriptional activity during the first and
second cell cyclesin the pre implantation mouse em-
bryo. Dev Biol 181: 296-307.

. Bacharova R (1985): Gene expression during ooge-

nesis and oocyte development in mammals. Dev
Biol 1:453-524.

. Bashirullah A, Halsell SR, Cooperstock RL, Kloc M,

Karaiskakis A, Fisher WW, Fu W, Hamilton JK,
Etkin LD, Lipshitz HD (1999): Joint action of two
RNA degradation pathways controls the timing of
maternal transcript elimination at the midblastula tr-
ansition in Drosophila melanogaster. EMBO ] 18:2610-
2620.

. Bellier S, Chastant S, Adenot P, Vincent M, Renard

JP, Bensaude O (1997a): Nuclear translocation and
carboxyl-terminal domain phosphorylation of RNA
polymerase II delineate the two phases of zygotic
gene activation in mammalian embryos. EMBO ]
16:6250-6262.

. Bellier S, Dubois MF, Nishida E, Almouzni G, Ben-

saude O (1997b): Phosphorylation of the RNA poly-
merase II largest subunit during Xenopus laevis oo-
cyte maturation. Mol Cell Biol 17:1434-1440.
Bensaude O (2011): Inhibiting eukaryotic transcrip-
tion: Which compound to choose? How to evaluate
its activity? Transcription 2:103-108.

Biggiogera M, Fakan S, Kaufmann SH, Black A, Sha-
per JH, Busch H (1989): Simultaneous immunoelec-
tron microscopic visualization of protein B23 and
C23 distribution in the HelLa cell nucleolus. ] His-
tochem Cytochem 37:1371-1374.

Bjerregaard B, Wrenzycki C, Philimonenko VV, Ho-
zak P, Laurincik J, Niemann H, Motlik ], Maddox-
Hyttel P (2004): Regulation of ribosomal RNA syn-
thesis during the final phases of porcine oocyte gr-
owth. Biol Reprod 70:925-935.

Bloom AM, Mukherjee BB (1972): RNA synthesis in
maturing mouse oocytes. Exp Cell Res 74:577-582.
Boisvert FM, Hendzel M], Bazett-Jones D (2000 Pro-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

myelocytic leukemia (PML) nuclear bodies are pro-
tein structures that do not accumulate RNA. J Cell
Biol 148:283-292.

Boisvert FM, van Koningsbruggen S, Navascués ],
Lamond AI (2007): The multifunctional nucleolus.
Nat Rev Mol Cell Biol 8:574-585.

Bouniol C, Nguyen E, Debey P. 1995 Endogenous
transcription occurs at the 1-cell stage in the mouse
embryo. Exp Cell Res 218:57-62.

Bouniol-Baly C, Hamraoui L, Guibert ], Beaujean
N, Szollosi MS, Debey P (1999): Differential trans-
criptional activity associated with chromatin confi-
guration in fully grown mouse germinal vesicle
oocytes. Biol Reprod 60:580-587.

Bregman DB, L Du, S van der Zee, Warren SL
(1995): Transcription-dependent redistribution of the
large subunit of RNA polymerase II to discrete nu-
clear domains. J Cell Biol 129:287-298.

Bres V, Yoh SM, Jones KA (2008): The multi-task-
ing P-TEFb complex. Curr Opin Cell Biol 20:334-
340.

Buratowski S, Hahn S, Guarente L, Sharp PA (1989):
Five intermediate complexes in transcription initia-
tion by RNA polymerase II. Cell 56, 549-561.

Byers SA, Price JP, Cooper JJ, Li Q, Price DH (2005):
HEXIM2, a HEXIM1-related protein, regulates posi-
tive transcription elongation factor b through asso-
ciation with 7SK. J Biol Chem 280:16360-16367.
Chambers RS, Dahmus ME (1994 Purification and
characterization of a phosphatase from HeLa cells
which dephosphorylates the C-terminal domain of
RNA polymerase II. ] Biol Chem 269:26243-26248.
Chao SH, Price DH (2001 Flavopiridol inactivates
P-TEFb and blocks most RNA polymerase II tr-
anscription in vivo. ] Biol Chem 276:31793-31799.
Chao SH, Fujinaga K, Marion JE, Taube R, Saus-
ville EA, Senderowicz AM, Peterlin BM, Price DH
(2000 Flavopiridol inhibits P-TEFb and blocks HIV-
1 replication. J Biol Chem 275:28345-28348.
Chapman RD, Heidemann M, Hintermair C, Eick D
(2008): Molecular evolution of the RNA polymerase
II CID. Trends Genet 24:289-296.

Cmarko D, Verschure PJ, Rothblum LI, Hernandez-
Verdun D, Amalric F, van Driel R, Fakan S (2000):
Ultrastructural analysis of nucleolar transcription in
cells microinjected with 5-bromo-UTP. Histochem
Cell Biol 113:181-187.

Crozet N, Motlik J, Szollosi D. 1981 Nucleolar fine
structure and RNA synthesis in porcine oocytes
during the early stages of antrum formation. Biol
Cell 41:35-42.

De La Fuente R, Viveiros MM, Burns KH, Adashi
EY, Matzuk MM, Eppig ]J] (2004): Major chromatin
remodeling in the germinal vesicle (GV) of ma-



48

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Oqani et al.

mmalian oocytes is dispensable for global transcrip-
tional silencing but required for centromeric hetero-
chromatin function. Dev Biol 275:447-458.

De Renzis S, Elemento O, Tavazoie S, Wieschaus
EF (2007): Unmasking activation of the zygotic ge-
nome using chromosomal deletions in the Droso-
phila embryo. PLoS Biol 5(5):e117.

Debey P, Szollosi MS, Szollosi D, Vautier D, Girou-
sse A, Besombes D (1993): Competent mouse oocy-
tes isolated from antral follicles exhibit different
chromatin organization and follow different matura-
tion dynamics. Mol Reprod Dev 36:59-74.

Dey A, Nishiyama A, Karpova T, McNally ], Ozato
K (2009): Brd4 marks select genes on mitotic chro-
matin and directs postmitotic transcription. Mol Biol
Cell 20:4899-4909.

Drygin D, Rice WG, Grummt I (2010): The RNA
polymerase I transcription machinery: an emerging
target for the treatment of cancer. Annu Rev Phar-
macol Toxicol 50:131-156.

Dundr M, Raska I (1993): Nonisotopic ultrastruc-
tural mapping of transcription sites within the nu-
cleolus. Exp Cell Res 208:275-281.

Eissenberg JC, Shilatifard A, Dorokhov N, Michener
DE (2007): Cdk9 is an essential kinase in Droso-
phila that is required for heat shock gene expre-
ssion, histone methylation and elongation factor re-
cruitment. Mol Genet Genomics 277:101-114.
Evsikov AV, Graber JH, Brockman JM, Hampl A,
Holbrook AE, Singh P, Eppig JJ, Solter D, Knowles
BB (2006): Cracking the egg: molecular dynamics
and evolutionary aspects of the transition from the
fully grown oocyte to embryo. Genes Dev 20:2713-
2727.

Fair T, Hyttel P, Greve T (1995): Bovine oocyte dia-
meter in relation to maturational competence and
transcriptional activity. Mol Reprod Dev 42:437-442.
Fong YW, Zhou Q (2000): Relief of two built-in
autoinhibitory mechanisms in P-TEFb is required
for assembly of a multicomponent transcription el-
ongation complex at the human immunodeficiency
virus type 1 promoter. Mol Cell Biol 20:5897-5907.
Forlani S, Bonnerot C, Capgras S, Nicolas JF (1998):
Relief of a repressed gene expression state in the
mouse 1-cell embryo requires DNA replication. De-
velopment 125:3153-3166.

Fraschini A, Bottone MG, Scovassi Al, Denegri M,
Risueno MC, Testillano PS, Martin TE, Biggiogera
M, Pellicciari C (2005): Changes in extranucleolar
transcription during actinomycin D-induced apopto-
sis. Histol Histopathol 20:107-117.

Fu TJ, Peng ], Lee G, Price DH, Flores O (1999): Cy-
clin K functions as a CDK9 regulatory subunit and
participates in RNA polymerase II transcription. |

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Biol Chem 274:34527-34530.

Ganuza M, Saiz-Ladera C, Cafiamero M, Gomez G,
Schneider R, Blasco MA, Pisano D, Paramio M,
Santamaria D, Barbacid M (2012): Genetic inactiva-
tion of Cdk7 leads to cell cycle arrest and induces
premature aging due to adult stem cell exhaustion.
EMBO ] 31:2498-2510.

Garber ME, Mayall TP, Suess EM, Meisenhelder ],
Thompson NE, Jones KA (2000): CDK9 autopho-
sphorylation regulates high-affinity binding of the
human immunodeficiency virus type 1 tat-P-TEFb
complex to TAR RNA. Mol Cell Biol 20:6958-6969.
Ghazy MA, Brodie SA, Ammerman ML, Ziegler L
M, Ponticelli AS (2004): Aminoacid substitutions in
yeast TFIIF confer upstream shifts in transcription
initiation and altered interactions with RNA po-
lymerase II. Mol Cell Biol 24:10975-10985.

. Ginisty H, Amalric F, Bouvet P (1998): Nucleolin

functions in the first step of ribosomal RNA pro-
cessing. EMBO ] 17:1476-1486.

Goodrich JA, Tijian R (1994): Transcription factors
IIE and IIH and ATP hydrolysis direct promoter
clearance by RNA polymerase II. Cell 77:145-156.
Guthrie HD, Garrett WM (2000): Changes in por-
cine oocyte germinal vesicle development as folli-
cles approach preovulatory maturity. Theriogenolo-
gy 54:389-399.

Hahn S (2004): Structure and mechanism of the
RNA polymerase II transcription machinery. Nat
Struct Mol Biol 11:394-403.

Hamatani T, Carter MG, Sharov AA, Ko MS (2004):
Dynamics of global gene expression changes during
mouse preimplantation development. Dev Cell 6:117
-131.

Hamatani T, Ko MSh, Yamada M, Kuji N, Mizu-
sawa Y, Shoji M, Hada T, Asada H, Maruyama T,
Yoshimura Y (2006): Global gene expression pro-
filing of preimplantation embryos. Hum Cell 193:
98-117.

Hiller MA, Lin TY, Wood C, Fuller MT (2001): De-
velopmental regulation of transcription by tissue-
specific TAF homolog. Genes Dev 15: 1021-1030.
Hozak P, Cook PR, Schofer C, Mosgoller W, Wa-
chtler F (1994): Site of transcription of ribosomal
RNA and intranucleolar structure in HeLa cells. |
Cell Sci 107:639-648.

Iborra FJ, Pombo A, Jackson DA, Cook PR (1996):
Active RNA polymerases are localized within dis-
crete transcription "factories' in human nuclei. ]
Cell Sci 109:1427-1436.

Inoue K, Ogonuki N, Miki M, Noda S, Kim JM,
Aoki F, Miyoshi H, Ogura A (2006): Inefficient re-
programming of the hematopoietic stem cell geno-
me following nuclear transfer. ] Cell Sci 119:1985-



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Transcription Machinary at Embryonic Genome Activation 49

1991.

Jackson DA, Hassan AB, Errington RJ, Cook PR
(1993): Visualization of focal sites of transcription
within human nuclei. EMBO | 12:1059-1065.

Jao CY, Salic A (2008): Exploring RNA transcription
and turnover in vivo by using click chemistry. Proc
Natl Acad Sci USA 105:15779-15784.

Kedinger C, Nuret P, Chambon P (1971): Structural
evidence for two alpha-amanitin sensitive RNA po-
lymerases in calf thymus. FEBS Lett 15:169-174.
Kelland LR (2000): Flavopiridol, the first cyclin-de-
pendent kinase inhibitor to enter the clinic: current
status. Expert Opin Investig Drugs 9:2903-2911.
Kelly WG, Dahmus ME, Hart GW (1993): RNA
polymerase II is a glycoprotein. Modification of the
COOQOH-terminal domain by O-GlcNAc. J Biol Chem
268:10416-10424.

Kopecny V, Landa V, Pavlok A (1995): Localization
of nucleic acids in the nucleoli of oocytes and early
embryos of mouse and hamster: an autoradiogra-
phic study. Mol Reprod Dev 41:449-458.

Kuhn CD, Geiger SR, Baumli S, Gartmann M, Ger-
ber ], Jennebach S, Mielke T, Tschochner H, Beck-
mann R, Cramer P (2007): Functional architecture
of RNA polymerase I. Cell 131:1260-1272.

Lanclos KD, Hamilton TH (1975): Translation othor-
mone-induced messenger RNA in amphibian oocy-
tes. LInduction by estrogen of messenger RNA en-
coded forvitellogenic protein in the liver of the ma-
le African clawedtoad (Xenopus laevis). Proc Natl
Acad Sci USA 72: 3934-3938.

Larochelle S, Chen J, Knights R, Pandur J, Morcillo
P, Erdiument-Bromage H, Tempst P, Suter B, Fisher
RP (2001): T-loop phosphorylation stabilizes the
CDK7-cyclin HMAT1 complex in vivo and regulates
its CTD kinase activity. EMBO ] 20:3749-3759.
Leclerc V, Raisin S, Leopold P (2000): Dominantne-
gative mutants reveal a role for the Cdk7 kinase at
the mid-blastula transition in Drosophila embryos.
EMBO ] 19:1567-1575.

Liu P, Greenleaf AL, Stiller JW (2008): The essential
sequence elements required for RNAP II carboxyl-
terminal domain function in yeast and their evo-
lutionary conservation. Mol Biol Evol 25:719-727.
Liu P, Kenney JM, Stiller JW, Greenleaf AL (2010):
Genetic organization, length conservation, and evo-
lution of RNA polymerase II carboxyl-terminal do-
main. Mol Biol Evol 27:2628-2641.

Maller JL, Gross SD, Schwab MS, Finkielstein CV,
Taieb FE, Oian YW (2001): Cell cycle transitions in
early Xenopus development. Novartis Found Symp
237:58-73.

Maxon ME, Goodrich JA, Tjian R (1994): Transcrip-

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

tion factor IIE binds preferentially to RNA polyme-
rase Ila and recruits TFIIH: a model for promoter
clearance. Genes Dev 8:515-524.

Mayer C, Grummt I (2006): Ribosome biogenesis
and cell growth: mTOR coordinates transcription by
all three classes of nuclear RNA polymerases. On-
cogene 25:6384-6391.

McStay B, Grummt I (2008): The epigenetics of r-
RNA genes: from molecular to chromosome biolo-
gy. Annu Rev Cell Dev Biol 24:131-157.
Meininghaus M, Chapman RD, Horndasch M, Eick
D (2000): Conditional expression of RNA polyme-
rase II in mammalian cells. Deletion of the carbo-
xyl-terminal domain of the large subunit affects ear-
ly steps in transcription. J Biol Chem 275:24375-
24382.

Michels AA, Nguyen VT, Fraldi A, Labas V, Ed-
wards M, Bonnet F, Lania L, Bensaude O (2003):
MAQI1 and 7SK RNA interact with CDK9/cyclin T
complexes in a transcription-dependent manner. Mol
Cell Biol 23:4859-4869.

Miyara F, Migne C, Dumont-Hassan M, Meur AL,
Cohen-Bacrie P, Aubriot FX, Glissant A, Nathan C,
Douard S, Stanovici A (2003): Chromatin configu-
ration and transcriptional control in human and
mouse oocytes. Mol Reprod Dev 64:458-470.

Moore GPM, Lintern-Moore S, Peters H, Faber M
(1974): RNA synthesis in the mouse oocyte. ] Cell
Biol 60:416-422.

Motlik J, Fulka ]J. 1976 Breakdown of the germinal
vesicle in pig oocytes in vivo and in vitro. ] Exp
Zool 198:155-162.

Napolitano G, Licciardo P, Carbone R, Majello B,
Lania L (2002): CDK9 has the intrinsic property to
shuttle between nucleus and cytoplasm, and enhan-
ced expression of cyclin T1 promotes its nuclear
localization. ] Cell Physiol 192:209-215.

Napolitano G, Majello B, Lania L (2003): Catalytic ac-
tivity of Cdk9 is required for nuclear co-localization
of the Cdk9/cyclin T1 (P-TEFb) complex. ] Cell Phy-
siol 197:1-7.

Nguyen VT, Giannoni F, Dubois MF, Seo SJ, Vig-
neron M, Kédinger C, Bensaude O (1996): In wvivo
degradation of RNA polymerase II largest subunit
triggered by alpha-amanitin. Nucleic Acids Res 24:
2924-2929.

Nguyen VT, Kiss T, Michels AA, Bensaude O (2001):
7SK small nuclear RNA binds to and inhibits the
activity of CDK9/cyclin T complexes. Nature 414:
322-325.

Ni Z, Schwartz BE, Werner ], Suarez JR, Lis JT
(2004): Coordination of transcription, RNA process-
ing, and surveillance by P-TEFb kinase on heat sh-



50

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Oqani et al.

ock genes. Mol Cell 13:55-65.

Ochs RL (1998): Methods used to study structure
and function of the nucleolus. Methods Cell Biol
53:303-321.

Orphanides G, Reinberg D (2002): A unified theory
of gene expression. Cell 108:439-451.

Orphanides G, Lagrange T, Reinberg D (1996): The
general transcription factors of RNA polymerase II.
Genes Dev 10:2657-2683.

Palancade B, Bellier S, Almounzi G, Bensaude O
(2001b): Incomplete RNA polymerase II phosphory-
lation in Xenopus laevis early embryos ] Cell Sci
114:2483-2489.

Palancade B, Dubois MF, Dahmusd, Bensaude O
(2001a): Transcription-independent RNA polymerase
I dephosphorylation by the FCP1 carboxy-terminal
domain phosphatase in Xenopus laevis early em-
bryos. Mol Cell Biol 21:6359-6368.

Peng ], Zhu Y, Milton JT, Price DH (1998): Iden-
tification of multiple cyclin subunits of human P-
TEFb. Genes Dev 12:755-762.

Phatnani HP, Greenleaf AL (2006): Phosphorylation
and functions of the RNA polymerase II CTD. Ge-
nes Dev 20:2922-2936.

Pirngruber ], Shchebet A, Johnsen SA (2009): Insi-
ghts into the function of the human P-TEFb com-
ponent CDK9 in the regulation of chromatin modi-
fications and co-transcriptional mRNA processing.
Cell Cycle 8:3636-3642.

Prasanth KV, Sacco-Bubulya PA, Prasanth SG, Sp-
ector DL (2003): Sequential entry of components of
the gene expression machinery into daughter nu-
clei. Mol Biol Cell 14:1043-1057.

Prather RS, Ross JW, Isom SC, Green JA (2009):
Transcriptional, post-transcriptional and epigenetic
control of porcine oocyte maturation and embryo-
genesis. Soc Reprod Fertil 66:165-176.

Price DH (2000): P-TEFb, a cyclin-dependent kinase
controlling elongation by RNA polymerase II. Mol
Cell Biol 20:2629-2634.

Puvion-Dutilleul F, Puvion E, Bachellerie JP (1997):
Early stages of pre-rRNA formation within the nu-
cleolar ultrastructure of mouse cells studied by in
situ hybridization with a 5'ETS leader probe. Chro-
mosoma 105:496-505.

Ranish JA, Yudkosvsky N, Hahn S (1999): Interme-
diates in formation and activity of the RNA poly-
merase II preinitiation complex holoenzyme recruit-
ment and a postrecruitment role for the TATA box
and TFIIB. Genes Dev 13:49-63.

Razin SV, Gavrilov AA, Pichugin A, Lipinski M,
Iarovaia OV, Vassetzky YS (2011): Transcription fac-
tories in the context of the nuclear and genome

9%4.

95.

96.

97.

98.

9.

100.

101.

102.

103.

104.

105.

106.

107.

organization. Nucleic Acids Res 39:9085-9092.

Reese JC (2003): Basal transcription factors. Curr
Opin Genet Dev 13:114-118.

Rodman TC, Bachvarova R (1976): RNA synthesis
in preovulatory mouse oocytes. ] Cell Biol 70:251-
257.

Schmerwitz UK, Sass G, Khandoga AG, Joore ],
Mayer BA, Berberich N, Totzke F, Krombach F, Ti-
egs G, Zahler S, Vollmar AM, Fiirst R (2011): Fla-
vopiridol protects against inflammation by attenua-
ting leukocyte-endothelial interaction via inhibition
of cyclin-dependent kinase 9. Arterioscler Thromb
Vasc Biol 2:280-288.

Schneider DA (2012): RNA polymerase 1 activity is
regulated at multiple steps in the transcription cy-
cle: recent insights into factors that influence trans-
cription elongation. Gene 493:176-184.

Schoenbeck RA, Peters MS, Rickords LF, Stumpf TT,
Prather RS 1992 Characterization of deoxyribonu-
cleic acid synthesis and the transition from ma-
ternal to embryonic control in the 4-cell porcine
embryo. Biol Reprod 47:1118-1125.

Schultz RM (2002): The molecular foundations of
the maternal to zygotic transition in the preimplan-
tation embryo. Hum Reprod Update 8:323-331.
Senderowicz AM, Sausville EA (2000): Preclinical
and clinical development of cyclin-dependent ki-
nase modulators. ] Natl Cancer Inst 92:376-387.
Serizawa H, Conaway JW, Conaway RC (1993):
Phosphorylation of C-terminal domain of RNA po-
lymerase II is not required in basal transcription.
Nature 363:371-374.

Seydoux G, Dunn MA (1997): Transcriptionally re-
pressed germ cells lack a subpopulation of pho-
sphorylated RNA polymerase II in early embryos
of Caenorhabditis elegans and Drosophila melano-
gaster Development 124:2191-2201.

Shilatifard A, Conoway RC, Conoway JW (2003):
The RNA polymerase II elongation complex. Annu
Rev Biochem 72:693-715.

Shim EY, Walker AK, Shi Y, Blackwell TK (2002):
CDKY/cyclin T (P-TEFb) is required in two pos-
tinitiation pathways for transcription in the C. ele-
gans embryo. Genes Dev 16:2135-2146.

Sikorski TW, Buratowski S (2009): The basal initia-
tion machinery: beyond the general transcription
factors. Curr Opin Cell Biol 21:344-351.

Sims RJ 3rd, Mandal SS, Reinberg D (2004): Re-
cent highlights of RNA-polymerase-II-mediated tr-
anscription. Curr Opin Cell Biol 16:263-271.

Solow S, Salunek M, Ryan R, Liberman PM (2001):
TAF250 phosphorylates human transcription factor
ITA on serine residues important for TBP binding



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Transcription Machinary at Embryonic Genome Activation 51

and transcription activity. ] Biol Chem 2761:15886-
15892.

Stiller JW, Cook MS (2004): Functional unit of the
RNA polymerase II C-terminal domain lies within
heptapeptide pairs. Eukaryot Cell 3:735-740.

Sun XS, Liu Y, Yue KZ, Ma SF, Tan JH (2004):
Changes in germinal vesicle (GV) chromatin confi-
gurations during growth and maturation of porci-
ne oocytes. Mol Reprod Dev 69:228-234.

Tadros W, Goldman AL, Babak T, Menzies F, Var-
dy L, Orr-Weaver T, Hughes TR, Westwood ]T,
Smibert CA, Lipshitz H (2007): SMAUG is a major
regulator of maternal mRNA destabilization in
Drosophila and its translation is activated by the
PAN GU kinase. Dev Cell 12:143-154.

Tan JH, Wang HL, Sun XS, Liu Y, Sui HS, Zhang
J (2009): Chromatin configurations in the germi-
nal vesicle of mammalian oocytes. Mol Hum Re-
prod 15:1-9.

Thomas MC, Chiang CM (2006) The general tr-
anscription machinery and general cofactors. Crit
Rev Biochem Mol Biol 41:105-178.

Tombécz I, Schauer T, Juhasz I, Komonyi O, Boros
I (2009): The RNA Pol II CTD phosphatase Fcpl
is essential for normal development in Drosophila
melanogaster. Gene 446:58-67.

Walker AK, Boag PR, Blackwell TK (2007): Tr-
anscription reactivation steps stimulated by oocyte
maturation in C. elegans. Dev Biol 304: 382-393.
Wang Z, Lindquist S (1998): Developmentally regu-
lated nuclear transport of transcription factors in
Drosophila embryos enable the heat shock respon-
se Development 125:4841-4850.

Wang, QT, Piotrowska K, Ciemerych MA, Milen-
kovic L, Scott M, Davis RW, Zernicka-Goetz M (2004):
A genome-wide study of gene activity reveals de-
velopmental signaling pathways in the preimplan-
tation mouse embryo. Dev Cell 6:133-144.

Wang K, Sun F, Sheng HZ (2006): Regulated ex-
pression of TAF-1 in cell mouse embryos. Zygote
14:209-215.

Wansink DG, Schul W, van der Kraan I, van St-
eensel B, van Driel R, de Jong L (1993): Fluore-
scent labeling of nascent RNA reveals transcrip-
tion by RNA polymerase II in domains scattered
throughout the nucleus. ] Cell Biol 122: 283-293.
Warner JR (1999): The economics of ribosome
biosynthesis in yeast. Trends Biochem Sci 24:437-
440.

Wassarman PM, Letourneau GE (1976): RNA syn-
thesis in fully-grown mouse oocytes. Nature 261:
73-74.

Weinmann R, Raskas HJ, Roeder RG (1974): Role

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

of DNA-dependent RNA polymerases II and III in
transcription of the adenovirus genome late in
productive infection. Proc Natl Acad Sci USA 71:
3426-3439.

Werner M, Thuriaux P, Soutourina J (2009): Struc-
ture-function analysis of RNA polymerases I and
III. Curr Opin Struct Biol 19:740-745.

Worrad DM, Ram PT, Schultz RM (1994): Regu-
lation of gene expressionin the mouse oocyte and
early preimplantation embryo: developmental ch-
anges in Spl and TATA boxbinding protein, TBP.
Development 120:2347-2357.

Yamaguchi Y, Inukai N, Narita T, Wada T, Handa
H (2002): Evidence that negative elongation factor
represses transcription elongation through binding
to a DRB sensitivity-inducing factor/RNA polyme-
rase II complex and RNA. Mol Cell Biol 22:
2918-2927.

Yamaguchi Y, Takagi T, Wada T, Yano K, Furuya
A, Sugimoto S, Hasegawa J, Handa H (1999): NE-
LF, a multisubunit complex containing RD, coope-
rates with DSIF to repress RNA polymerase II elon-
gation. Cell 97:41-51.

Yang Z, He N, Zhou Q (2008): Brd4 recruits P-
TEFb to chromosomes at late mitosis to promote
Gl gene expression and cell cycle progression.
Mol Cell Biol 28:967-976.

Yang Z, Zhu Q, Luo K, Zhou Q (2001): The 75K
small nuclear RNA inhibits the CDK9/cyclin T1
kinase to control transcription. Nature 414:317-322.
Yik JH, Chen R, Nishimura R, Jennings JL, Link
AJ, Zhou Q (2003): Inhibition of P-TEFb (CDKY9/
Cyclin T) kinase and RNA polymerase II transcrip-
tion by the coordinated actions of HEXIM1 and
75K snRNA. Mol Cell 12:971-982.

Zeng C, Kim E, Warren SL, Berget SM (1997): Dy-
namic relocation of transcription and splicing fac-
tors dependent upon transcriptional activity. EM-
BO ] 16:1401-1412.

Zeng F, Schultz RM (2005): RNA transcript pro-
filing during zygotic gene activation in the preim-
plantation mouse embryo. Dev Biol 283:40-57.
Zhou Q, Yik JH (2006): The Yin and Yang of P-
TEFb regulation: implications for human immu-
nodeficiency virus gene expression and global con-
trol of cell growth and differentiation. Microbiol
Mol Biol Rev 70:646-659.

Zuccotti M, Merico V, Cecconi S, Redi CA, Garag-
na S (2011): What does it take to make a develop-
mentally competent mammalian egg? Hum Reprod
Update 17:525-540.

Zuccotti M, Piccinelli A, Rossi PG, Garagna S, Re-
di CA (1995): Chromatin organization during mou-



52

134.

Oqani et al.

se oocyte growth. Mol Reprod Dev 41:479-485.
Zurita M, Reynaud E, Aguilar-Fuentes J (2008): Fr-
om the beginning: the basal transcription machi-
nery and onset of transcription in the early animal
embryo. Cell Mol Life Sci 65:212-227.

135. Zurita M, Merino C (2003): The transcriptional com-
plexity of the TFIIH complex. Trends Genet 19:
578-584.

(Received: 17 March 2014/ Accepted: 24 March 2014)



