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Mouse Embryos Do Not Wait for the MBT: Chromatin
and RNA Polymerase Remodeling in Genome
Activation at the Onset of Development
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ABSTRACT In Xenopus and Drosophila em-
bryos, activation of the zygotic genome occurs after a
series of rapid nuclear divisions in which DNA replica-
tion occupies most of the cell cycle. In these organisms, it
has been proposed that zygotic transcription does not
begin until a threshold nucleocytoplasmic ratio has been
obtained in which repressive factors are titrated out and
interphase becomes long enough to allow synthesis of
transcripts. In mammalian embryos, however, a model of
threshold nucleocytoplasmic ratios does not seem to
apply, as beginning with the 1-cell stage, there are
regulated cell cycles with the expression of zygotic
transcripts during the cleavage period. By taking advan-
tage of the slower kinetics at the onset of mouse
development, we have characterized changes in chroma-
tin structure and the basal transcription machinery through-
out the transition from transcriptional incompetence, to
minor activation of the zygotic genome during the 1-cell
stage, and through major genome activation at the 2-cell
stage. Further maturation of chromatin structure continues
through subsequent cleavage cycles as a foundation for
the first cellular differentiations in the blastocyst. The
epigenetic chromatin modifications that occur during the
cleavage period may have long range and inheritable
effects and are undoubtably important in the ability of the
mammalian oocyte to remodel previously defined nuclear
structures and cell fates. Dev. Genet. 22:31–42,
1998. r 1998 Wiley-Liss, Inc.
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INTRODUCTION
Sexual reproduction involves the formation of a new

functional genome from two different cells, the paternal
and maternal gametes, that have evolved separately
and differently up to the point of fertilization. In many

animals, gametes are transcriptionally inactive at fertil-
ization, and development is initiated under the control
of maternal factors stored during oogenesis. This mater-
nal stock is largely replaced by zygotic gene products
during the transition from maternal to zygotic control
of development and more than 80% of the first neosyn-
thesized zygotic transcripts are homologous to those
that were stored in the oocyte [Davidson, 1986]. The
formation of the zygotic genome and the establishment
of its control over the developmental process involves
both the activation of transcription and the coordinated
expression of specific genes in a defined chronological
order.

In the life cycle of a typical eukaryotic cell, mitosis is
also a period of transcriptional inactivity followed by
the activation of transcription and the re-establish-
ment of requisite patterns of gene expression. Entry
into mitosis involves extensive nuclear and chromatin
rearrangement; interphase chromosomes are progres-
sively condensed into tightly packed structures, and the
nuclear membrane disappears. The mature oocyte,
using a similar strategy, shuts down transcription by
maintaining its chromatin in the metaphase II state.
Instead of delivering genetic information as a set of
metaphase II chromosomes, however, the sperm arrives
in a transcriptionally inert state through the packaging
of DNA in specialized basic proteins, including various
protamines and histone variants. During early embry-
onic cleavage stages, the reorganization of the nucleus
towards a transcriptionally active state also involves
variations on the theme of the core histone octamer and
somatic linker histone H1. For example, somatic linker
histone is functionally replaced by embryonic linker
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histone B4 [Kleinschmidt et al., 1985; Smith et al.,
1988; Dimitrov et al., 1994] and the high-mobility group
protein HMG1 [Nightingale et al., 1996] in Xenopus
embryos, and by an HMG1 homologue, HMG-D, in
Drosophila [Ner and Travers, 1994]. In both organisms,
somatic linker H1 becomes functionally active upon
major activation of the zygotic genome (ZGA) at the
mid-blastula transition (MBT). The latter two organ-
isms have become models of choice in demonstrating
the importance of chromosome and chromatin struc-
ture in the developmental regulation of gene expres-
sion. Both yield large numbers of eggs for biochemical
dissection of the mechanisms by which chromatin ex-
erts regulatory effects on early gene expression and in
Drosophila, the large number of mutant strains avail-
able further facilitates functional analysis.

At first glance, the early mammalian embryo, with
considerable constraints on the amount of experimen-
tal material available, and the scarcity of mutant
strains, appears as the poor cousin to Xenopus and
Drosophila in the study of chromatin and gene expres-
sion at the onset of development. Further inspection,
however, using the mouse embryo as a primary ex-
ample, shows fundamental differences from Xenopus
and Drosophila in the unfolding of early developmental
events in mammalian embryos. Instead of beginning
with a rapid series of synchronous divisions, in which
DNA replication occupies virtually the entire cell cycle,
there are regulated cell cycles with the expression of
zygotic transcripts. This expression does not take place
on a background of cytoplasmic gradients, such as
bicoid in Drosophila [Driever and Nusslein-Volhard,
1988]. There is also a much clearer chronological sepa-
ration between ZGA and the first cellular differentia-
tions; in the mouse, ZGA occurs at the 2-cell stage, with
the first cellular differentiations in the blastocyst 3
days later.

The increasing availability of reagents for probing
chromatin structure at the cell biological level, com-
bined with advances in in situ molecular analyses, can
partially overcome the experimental handicaps facing
the mammalian embryologist. This enables exploita-
tion of the slower kinetics of early mammalian develop-
ment (Table 1) aimed toward understanding the chroma-

tin dynamics that regulate nuclear function as a new
genome is formed and becomes operational. This paper
reviews data on the interplay between chromatin struc-
ture, the basal transcriptional machinery, and architec-
tural transcription factors, in regulating gene expres-
sion at the onset of mammalian development, with
emphasis on the mouse model.

ACTIVATION OF THE ZYGOTIC GENOME: A
MULTISTEP PROCESS

In the mouse, fusion of the transcriptionally silent
gametes at fertilization is followed by a lag period of
transcriptional incompetence that lasts about 20 hr.
This has been determined from time-controlled nuclear
transfer experiments of transcriptionally competent
nuclei into nucleated 1-cell embryo recipients [Latham
et al., 1992]. Transcription begins during S-phase of the
first cell cycle as demonstrated by microinjection of
reporter genes into pronuclei [Ram and Schultz, 1993],
expression of integrated transgenes [Matsumoto et al.,
1994; Christians et al., 1995], and incorporation of
BrUTP into nascent transcripts [Bouniol et al., 1995;
Aoki et al., 1997]. Transcription has also been detected
at the 1-cell stage in other mammalian species, includ-
ing the cow [Gagné et al., 1993] and rabbit [Christians
et al., 1994]. This initial zygotic transcription is weak,
and results in minor synthesis of a small set of polypep-
tides that manifest a transient increase restricted to
the 2-cell stage [Conover et al., 1991; Latham et al.,
1991; Christians et al., 1995; Davis et al., 1996]. Follow-
ing this minor activation of the genome, a complete
change in the pattern of protein synthesis occurs during
the cleavage period, with a rapid degradation of mater-
nal transcripts as early as the late 2-cell stage in the
mouse [Van Blerkom and Brockway, 1975; Flach et al.,
1982; Howlett and Bolton, 1985; Taylor and Piko, 1987;
Latham et al., 1991], or after several divisions in other
mammalian species [Telford et al., 1990]. Zygotic tran-
scription is then required for further development and
the amount of neosynthesized transcripts increases
5- to 10-fold by the time the first cellular differentia-
tions appear at the blastocyst stage [Taylor and Piko,
1987]. Thus, three transitions characterize the activa-

TABLE 1. Timing of Major Zygotic Gene Activation in Model Organisms

Organism Time postfertilization
No.

ReferenceCleavages Nuclei
Drosophila 2 hr, 10 min 14 ,6,000 Edgar et al. [1986]

(25°C)
C. elegans 2 hr, 30 min 3–5 28 Schauer and Wood [1996]

(20°C)
Zebra fish 2 hr, 40 min 10 ,1,000 Kane and Kimmel [1993]

(28°C) Zamir and Yarden [1997]
Xenopus 7–8 hr 11 ,4,000 Newport and Kirchner [1982]

(20°C)
Mouse 25 hr 1 2 Bolton et al. [1984]

(37°C)
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tion of the mammalian zygotic nucleus: (1) the acquisi-
tion of a transcriptionally permissive state during the
first S phase, (2) the onset of a minor ZGA phase
initiated in the 1-cell embryo and lasting over one or
several cleavage cycles depending on the species, and
(3) a major ZGA, that in all mammalian species studied,
is coincident with the transition from maternal to
zygotic control of development.

DEVELOPMENTAL REGULATION OF THE
TRANSCRIPTIONAL MACHINERY

Since zygotic transcription initially depends on the
time elapsed after oocyte activation, it has been pro-
posed that a ‘‘zygotic clock’’ [Schultz, 1993] controls the
processing of maternally inherited factors to convert
sperm and oocyte chromatin into transcriptionally com-
petent matrices accessible to transactivating factors
[reviewed in Nothias et al., 1995]. The molecular nature
of this clock is unknown but it is proposed to regulate
protein–protein interactions between three compo-
nents required for transcriptional activation in vivo:
activators bound to enhancer sequences, protein com-
plexes such as the TATA-binding protein (TBP), and
associated transcription activating factors (TAFs), and
the functional assembly of the RNA polymerase holoen-
zyme bound to the site of transcription initiation [re-
viewed in Struhl, 1996].

A functional RNA Pol II is already present in 1-cell
mouse embryos [Latham et al., 1992] and can gain
access to promoters in the absence of DNA replication
[Aoki et al., 1997]. Since transcription factors, such as
SP1, and basal components of the transcriptional ma-
chinery (TBP) are detectable in pronuclei [Worrad et
al., 1994], transcription may be initiated rapidly after
fertilization. However, the large protein complex that
constitutes the transcriptional machinery can also di-
rectly influence all steps in transcription, from initia-
tion to termination. Phosphorylation of the carboxylter-
minal domain (CTD) of the largest subunit of RNA Pol
II is now known to be critical in regulating the initia-
tion of transcription [Emili and Ingles, 1995; Dahmus,
1996]. The CTD contributes to interaction of the poly-
merase with DNA, transcription activators, TBP, and
has recently been implicated in the RNA processing
events that accompany transcription [McCracken et al.,
1997]. The nonphosphorylated form enters the preinitia-
tion complex, and phosphorylation occurs subsequent
to interaction with the promoter and before transcrip-
tion initiation [Laybourn and Dahmus, 1990]. As the
polymerase undergoes the cycle of initiation, elonga-
tion, and termination of transcription before reinitiat-
ing a new round of transcription, the CTD undergoes a
parallel cycle of phosphorylation and dephosphoryla-
tion [Corden, 1995].

Using Western blotting and confocal microscopy with
monoclonal antibodies targeted against the hyperphos-
phorylated form of the largest subunit of Pol II, and two

isoforms of the CTD, we have shown that maternally
stocked Pol II undergoes major post-translational
changes in the 1-cell embryo [Bellier et al., 1997]. The
CTD, which is predominantly hyperphosphorylated in
transcriptionally inactive unfertilized oocytes, is mark-
edly dephosphorylated 2–3 hr after pronuclei become
visible, but before the onset of minor ZGA. This was
observed in both mouse and rabbit embryos. A second
transition then occurred with re-phosphorylation of the
large Pol II subunit. This form, however, was not
phosphorylated to the same state as that normally
observed after activation of the initiation complex by
TFIIH-associated kinase [Dubois et al., 1997], which
renders the complex competent for elongation [Cis-
mowski et al., 1995; Hoejmakers et al., 1996]. The
presence of this embryo-specific phosphorylated form
was observed transiently in the 1-cell mouse embryo
but persisted to major ZGA at the 8–16 cell stage in
rabbit embryos. In the latter species, the delayed
timing of major ZGAallowed demonstration of a gradual
nuclear translocation of Pol II spanning the entire
period of minor ZGA. This nuclear translocation was
independent of both the first cycle of DNA replication
and of protein synthesis. In both rabbit and mouse, a
phosphorylation pattern similar to that observed at
later developmental stages and in somatic cells was
established at the onset of major ZGA.

These observations suggest that the basal transcrip-
tional machinery, a legacy of the transcriptionally
active maturing oocyte, requires a series of modifica-
tions to become fully functional at major ZGA. The
embryo-specific phosphorylated isoform observed
throughout minor ZGA may provide a biochemical basis
for a better understanding of how a ‘‘zygotic clock’’
regulates the process of gene activation [Schultz, 1993].
These post-translational modifications occur mainly in
the cytoplasmic compartment of the pronuclear (mouse),
or first cleavage stages (rabbit), concurrently with
changes in nuclear architecture inherent in the forma-
tion of a functional zygotic nucleus. It may be that the
transitions in phosphorylation and nuclear transloca-
tion of Pol II act as temporal regulators to postpone the
onset of major ZGA until completion of appropriate
chromatin remodeling by the embryo.

CHROMATIN REMODELING UP TO
FORMATION OF THE NEW ZYGOTIC GENOME

Modulation of acetylation of the N-terminal tails of
core histones has long been thought to play a role in
regulating gene expression [Allfrey et al., 1964]. Re-
cently, a direct link between histone acetylation and the
transcriptional process was established [Brownell et
al., 1996; Mizzen et al., 1996; Ogryzko et al., 1996]. In
mammalian somatic cells, histone H4 is acetylated in
the order lysine 16, followed by lysine 8 or 12, and then
by lysine 5 [Turner and Fellows, 1989], an order that is
also observed in mouse embryonic stem cells [Keohane
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et al., 1996]. Higher levels of histone acetylation are
generally correlated with more transcriptionally active
genetic loci [Hebbes et al., 1988, 1994; Jeppesen and
Turner, 1993] and acetylation of histones facilitates
transcription factor binding to nucleosomal DNA [Lee
et al., 1993; Vettese-Dadey et al., 1996]. In the 1-cell
mouse embryo, it is possible to examine how histone
acetylation might be involved in early chromatin remod-
eling during the transition from transcriptional quies-
cence to activation of the zygotic genome.

Both microinjection of reporter genes [Ram and
Shultz, 1993; Wiekowski et al., 1993] and incorporation
of BrUTP [Aoki et al., 1997] have shown that the male
pronucleus is more transcriptionally active than the
female pronucleus in 1-cell mouse embryos. When
histone deacetylases are inhibited by butyrate, result-
ing in core histone hyperacetylation, reporter gene
expression from the female pronucleus then becomes
equivalent to that observed from the male pronucleus
[Wiekowski et al., 1993], suggesting some chromatin
regulation of this differential expression. We have
investigated whether differential acetylation of the
separate parental genomes might underly chromatin
control of these transcriptional differences.

During spermatogenesis, hyperacetylation of histone
H4 relaxes nucleosomal structure [Christensen et al.,
1984; Grimes and Smart, 1985], leading to nucleosome
disassembly and competitive protamine DNA binding
[Oliva et al., 1987]. In mature mouse sperm, histones
have not been detected [O’Brien and Bellvé, 1980] and,
using an antibody directed against histone H4 acety-
lated on lysine 5 (H4–L5), we were unable to detect
hyperacetylated H4 in mouse sperm [Adenot et al.,
1997]. It has been calculated from rates of histone H4
synthesis in maturing mouse oocytes that the cytoplas-
mic pool of H4 is sufficient to allow 2 to 3 rounds of DNA
replication [Wassarman and Mrozak, 1981], and newly
synthesized histones, both in unfertilized oocytes and
in zygotes, rapidly undergo post-translational modifica-
tions with part of the pool becoming mono-, di-, or
triacetylated [Kaye and Wales, 1981; Kaye and Church,
1983]. Maternal metaphase II chromatin itself is pack-
aged in nucleosomes with very low levels of H4–L5
staining [Adenot et al., 1997]. Thus, prior to fertiliza-
tion, the transcriptionally inert chromatin of both
gametes has low to undetectable levels of hyperacety-
lated chromatin.

Immediately upon entry of the sperm into the oocyte,
paternal chromatin appears to outcompete maternal
chromatin for the pool of hyperacetylated H4 in the
oocyte, as we observe that sperm chromatin becomes
intensely labeled with anti H4–L5 antibodies, while
maternal metaphase II chromatin remains relatively
unstained. This is in sharp contrast to what is observed
in activated oocytes, where, in the absence of sperm
chromatin, maternal chromatin becomes markedly
stained for H4–L5 [Adenot et al., 1997]. The observed
difference in acetylation of maternal chromatin

in parthenogenetic compared to normal embryos, and
the difference in paternal compared to maternal chroma-
tin in fertilized zygotes, raises questions as to what role
the early acquisition of different functional states of
paternal chromatin might play in imprinting mecha-
nisms [Solter, 1988].

Differential levels of H4 acetylation of paternal and
maternal chromatin is maintained throughout most of
the long (9-hr) G1 phase of the first cell cycle with the
two pronuclei attaining equivalence just prior to or in
the early phases of DNA replication. If DNA replication
is blocked by aphidicolin, equivalence in acetylation is
attained with exactly the same chronological profile as
in control embryos, indicating that the observed modifi-
cations in acetylation are replication independent. Inhi-
bition of histone deacetylase activity by trichostatin A,
resulted in increased hyperacetylation in both male
and female pronuclei, showing that histone acetyltrans-
ferases and deacetylases are functional during G1 of
the first cell cycle and suggesting that different acetyla-
tion levels between the two pronuclei are actively
maintained during this time. Paradoxically, at the
points in S and G2 when global transcriptional differ-
ences have been observed between the pronuclei, the
levels of acetylation in male and female pronuclei are
equivalent. It has been proposed that the replacement
of protamines by histones during sperm decondensa-
tion provides a window of opportunity for the binding of
transcription factors to paternal DNA [Aoki et al.,
1997], accounting for the transcriptional differences.
However, this fails to explain why female pronuclei in
parthenogenetic eggs show higher levels of transcrip-
tion than female pronuclei in zygotes, as in neither case
is there a protamine-histone exchange on maternal
chromatin. Alternatively, in the absence of the male
pronucleus, the female pronucleus could accumulate
higher levels of transcription factors. This would still
not explain why acetylation levels of female chromatin
that had already been packaged in histone octamer
nucleosomes increases in parthenogenetic embryos.
Instead, we propose that it is the differences in histone
acetylation levels between male and female pronuclei
over the duration of G1, which result in preferential
recruitment of transcription factors into active chroma-
tin configurations in the male pronucleus, leading to
higher transcriptional activity in the paternal pro-
nucleus during S/G2.

Another important question in early development is
how genes are marked or selected to become active.
Jeppesen [1997] recently proposed that patterns of
histone acetylation could be a mechanism for maintain-
ing cell memory through mitosis. Nucleosomal acety-
lation states are transmitted to newly assembled
chromatin after replication [Perry et al., 1993], and
hyperacetylated regions of chromosomes at metaphase
appear in the same chromatin domains during inter-
phase [Jeppesen and Turner, 1993; Surrallés et al.,
1996]. While 10–20% of the cellular content of the
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general transcription factor TFIID remains attached to
mitotic chromosomes [Segil et al., 1996], many transcrip-
tion factors are dissociated from chromatin [Martinez-
Balbas et al., 1995], though some, such as AP-2 and the
serum response factor, p67 srf, do remain attached.
Thus, TFIID could serve as a basal marker for transcrip-
tional activation that could be reamplified by subse-
quent attachment of other transcription factors as the
nucleus reforms, or histone acetylation could signal
regions of chromatin which were available for transcrip-
tion in the previous cycle and need to be reactivated in
G1. The two mechanisms, which are not mutually
exclusive, could act synergistically.

Our results in preimplantation mouse development
support the idea that histone acetylation may be in-
volved in cell memory but suggest added requirements.
At the beginning of the first cell cycle, neither paternal
nor maternal chromatin are marked with patterns of
histone H4 hyperacetylation. However, by the first
mitosis, chromosomes showed banding patterns of his-
tone H4 hyperacetylation, suggesting that regions of
the genome are already marked before major ZGA at
the 2-cell stage. The question remains though as to how
information is transferred from the transcriptionally
inactive and unmarked gametic chromatin to the band-
ing patterns observed on chromosomes at syngamy. Are
these messages sequence encoded, or do some of the
proteins involved in chromatin remodeling in the early
zygote provide the link to the distinct patterns of H4
acetylation observed during the first cell cycle?

MATURATION OF CHROMATIN DURING AND
AFTER MAJOR ZYGOTIC GENOME

ACTIVATION
When 1-cell mouse embryos are microinjected with

episomal DNA templates, and cleavage is arrested by
blocking DNA replication with aphidicolin, cDNAs are
expressed equally well from templates with and with-
out enhancers [Martinez-Salas et al., 1989]. When the
same microinjection experiments are performed at the
2-cell stage, enhancers are required to relieve expres-
sion from weak promoters. Injection of various con-
structs at the 2-cell stage also revealed a certain
permissiveness for transcription, suggesting that the
early embryo contains trans-activating elements to
express genes that it normally does not transcribe
[Bonnerot et al., 1991]. On the other hand, when
embryos are microinjected at the 1-cell stage and
traverse the first mitosis, there is an irreversible repres-
sion of gene activity that cannot be alleviated by an
enhancer [Martinez-Salas et al., 1989]. Incubation with
butyrate increases the activity of weak promoters in-
jected into 2-cell embryos, but is unable to restore
activity to promoters alone, or promoters coupled to
enhancers, which have been injected into 1-cell em-
bryos that then complete the first mitosis [Wiekowski et
al., 1993]. It was concluded from these experiments

that the repression of expression from episomal tem-
plates probably reflected repressive changes in chroma-
tin structure during the earliest cleavage phases.

To explore this hypothesis in native embryonic chro-
matin, we developed an integrated transgenic model in
which the murine hsp70.1 promoter directed luciferase
expression from constructs that were flanked with
scaffold attachment regions (SAR1) or remained un-
flanked (SAR2) [Thompson et al., 1995a,b]. The endog-
enous hsp70.1 gene is expressed constitutively during
G1 of the 2-cell stage, repressed to basal levels during
S-phase of the same cell cycle, and can be thermally
induced at the blastocyst stage [Christians et al., 1995].
SARs are AT-rich DNA sequences which bind to nuclear
matrix preparations and frequently map to or near the
domain boundaries of gene loci. Developmentally regu-
lated loci flanked by SAR sequences include Adh, ftz,
and Sgs-4 in Drosophila [Gasser and Laemmli, 1986]
and the b-globin locus in humans [Jarman and Higgs,
1988]. SARs may be involved in mediating chromatin
accessibility through synergistic action with enhancers
[Forrester et al., 1994] or via interaction with histone
H1 (closed conformation) or proteins such as the high
mobility group protein HMG-I/Y, capable of displacing
histone H1 from AT-tracts (open conformation) [Zhao et
al., 1993].

SAR2 transgenic lines reproduced the preimplanta-
tion expression profile of the hsp70.1 endogene but
SAR1 lines showed significantly higher expression
levels at the 2-cell stage than SAR2 lines and contin-
ued to express luciferase above basal levels through to
the 4-cell stage before finally being repressed at the
8-cell stage. Upon induction of the transgenes by heat
shock at the blastocyst stage, SAR1 lines showed a per
copy expression 11-fold higher than SAR2 lines. At
both the 2-cell and blastocyst stages, copy number
dependent expression was observed in SAR1 lines but
not in SAR2 lines.

When core histones were hyperacetylated by incubat-
ing embryos in the reversible histone deacetylase inhibi-
tor, trichostatin A, neither type of transgenic line
showed any increase in expression at the 2-cell stage.
At the 4-cell stage, both SAR1 and SAR2 lines aver-
aged a 25-fold increase in expression in response to core
histone hyperacetylation. At the 8-cell stage the re-
sponse to hyperacetylation differed; while SAR2 lines
dropped back to a 10-fold response, SAR1 lines exhib-
ited a 160-fold increase in transgene expression. This
differential response to hyperacetylation persisted to
the blastocyst stage with a 30-fold response in SAR1
lines compared to a 3-fold response in SAR2 lines.

The differential expression profiles of SAR1 and
SAR2 lines, and their differential response to histone
hyperacetylation suggest that, during the preimplanta-
tion period, the hsp70.1 gene is regulated by changes in
chromatin structure rather than through alterations in
the concentration of hsp70.1-related transcription fac-
tors. This was tested by microinjection of hsp70.1
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luciferase plasmids at the 1-, 2-, and 4-cell stages. The
resulting expression from the transient templates
showed that hsp70.1-related transcription factors were
never limiting.

The stimulatory effect of SARs on preimplantation
gene expression was very well correlated with the
presence of HMG-I/Y in embryonic nuclei. HMG-I/Y is
an architectural transcription factor with an affinity for
AT-rich DNA, cruciform DNA [Zeleznik-Le et al., 1994]
and non-B-form DNA [Nissen and Reeves, 1995]. HMG-
I/Y can bind preferentially to certain AT sequences on
the surface of nucleosomes [Reeves and Nissen, 1993]
and can induce localized changes in rotational setting
and helical periodicity of DNA on the surface of nucleo-
somes [Reeves and Wolffe, 1996]. HMG-I/Y alters DNA
bending at the human interferon-b (IFN-b) enhancer
[Falvo et al., 1995] and interacts synergistically with
NF-kb and activating transcription factor 2 to stimu-
late induction of interferon-b transcription [Thanos
and Maniatis, 1992; Du et al., 1993]. In the preimplan-
tation mouse embryo, HMG-I/Y transcripts are stocked
in oocytes and the protein shows a diminishing concen-
tration of well-defined foci in the nucleus from the 1-cell
stage through to the 8-cell stage. Zygotic HMG-I/Y
transcripts are expressed at the blastocyst stage, and
the protein is located in a large number of foci through-
out the nuclei. Whenever SAR1 lines showed increased
expression over SAR2 lines, HMG-I/Y was present in
embryonic nuclei, and when hyperacetylation relieved
repression of SAR1 expression at the 8-cell stage, the
nuclear concentration of HMG-I/Y went from virtually
undetectable to significant amounts.

Assembling the microinjection, gene expression, and
immunofluorescence data, we propose the following
maturation of chromatin structure in the regulation of
hsp70.1-luciferase transgene expression. At the 2-cell
stage, nucleosomes are positioned or acetylated such
that key promoter elements, probably the Sp1 sites
[Metzger et al., 1994], are accessible to transcription
factors. The presence of HMG-I/Y in 2-cell nuclei, and
its affinity for AT-rich sequences of SAR, stimulates
luciferase expression in SAR1 lines. Cleavage to the
4-cell stage is accompanied by local changes in nucleo-
some positioning and/or degree of acetylation which
reduce transcription factor access to the promoter.
Somatic histone H1 becomes detectable in the nuclei of
4-cell embryos [Clarke et al., 1992] at the same time as
HMG-I/Y is decreasing in concentration, with the result
that SAR1 expression decreases, but does not attain,
the basal levels of SAR2 lines. At the 4-cell stage,
hyperacetylation of core histones, allows recovery of an
open chromatin conformation and permits per copy
expression levels, that in the case of the SAR1 lines,
exceed those in the 2-cell embryo. At the 8-cell stage,
HMG-I/Y is present at very low levels in the nucleus
and histone H1 completes the organization of a chroma-
tin structure which reduces all transgenic lines to basal
levels of expression. Hyperacetylation of core histones

increases nuclear HMG-I/Y content, as well as trans-
gene expression, most notably in SAR1 lines, but this is
no longer sufficient to obtain the constitutive per copy
levels observed at the 2-cell stage. Constitutive expres-
sion remains low in blastocysts but can again be
somewhat increased by histone hyperacetylation.
Though HMG-I/Y is present in normal blastocyst nu-
clei, the chromatin conformation of the transgene after
passage through the 8-cell stage is unfavourable for
interactions with SAR sequences. Upon heat shock of
blastocysts, the heat shock factor (HSF) complex is
phosphorylated and binds HSE elements in the pro-
moter. In SAR1 lines, initial opening of the locus by the
HSF complex allows cooperative interactions of SAR
with HMG-I/Y to create a more extended open chroma-
tin conformation resulting in increased expression lev-
els.

More global modification of chromatin and nuclear
structure are suggested by immunofluorescence studies
of acetylated isoforms of histone H4 during the 2- to
8-cell transition [Thompson et al., 1995b]. At the 2- and
4-cell stages, treatment with trichostatin A resulted in
a strong increase in histone acetylation at the nuclear
periphery but not in the nuclear interior. This may
suggest that the majority of nuclear histone acetyltrans-
ferase activities are confined to the nuclear periphery
during these stages. At the 8-cell stage, trichostatin A
treatment still increased acetylated H4 staining most
strongly at the nuclear periphery, but staining also
increased significantly in the nuclear interior, while in
blastocysts, the same treatment no longer strongly
increased staining at the periphery and contrast with
staining in the nuclear interior was further reduced. In
Xenopus embryos, inhibition of histone deacetylases is
unable to cause accumulation of hyperacetylated his-
tone H4 in early cleavage stages until after major ZGA
at the MBT [Dimitrov et al., 1993; Almouzni et al.,
1994]. In the mouse, we observed a capability to
hyperacetylate histone H4 at the 1-cell stage prior to
minor ZGA [Adenot et al., 1997] and demonstrated a
locus-specific transcriptional effect as early as the 4-cell
stage [Thompson et al., 1995b]. These results suggest
that the ability to modulate core histone acetylation
levels may be an important prerequisite to a regulated
program of zygotic gene expression.

MOLECULAR MACHINES FOR REMODELING
EMBRYONIC CHROMATIN

Packaging DNA into heterochromatin-like structures
has been described as epigenetic regulation of gene
expression during development. In Drosophila, the
silencing of segmentation and homeotic genes required
to maintain segment identity is ensured by the poly-
comb-group proteins (Pc-G). The polycomb protein (Pc),
along with the heterochromatin protein HP1, share a
chromodomain that is critical for silencing. Repression
of transcription has been proposed to occur by packag-
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ing of large chromosomal domains into structures inac-
cessible to the transcriptional machinery [reviewed in
Shaffer et al., 1993; Orlando and Paro, 1995; Pirrotta,
1997]. Human and murine homologues to HP1 [Pearce
et al., 1992; Saunders et al., 1993] and Pc-G proteins
[reviewed in Schumacher and Magnuson, 1997] suggest
conservation of chromatin remodeling mechanisms
among different species. In Drosophila, chromodomain
containing proteins are present early in development,
before cellularization of the blastocyst [Kellum et al.,
1995]. In mammals, only eed, a Pc-G gene, has been
found to be expressed during preimplantation develop-
ment [Schumacher et al., 1996], but other murine
homologues of the Drosophila Pc-G family are ex-
pressed before the regulation of Hox genes is estab-
lished, suggesting recruitment for chromatin packag-
ing earlier in development [Pearce et al., 1992; van der
Lugt et al., 1996].

Analysis in Drosophila of mutations that sustain
homeotic gene expression led to the identification of the
trithorax-group genes (trx-G) which are antagonistic to
Pc-G [reviewed in Kennison, 1993]. The brahma gene, a
member of trx-G, was of particular interest because of
its strong homology with the yeast global activator
SWI2/SNF2 [Tamkum et al., 1992]. The yeast protein
is part of a large multiprotein complex that destabilizes
DNA–histone interactions in vitro and increases the
binding of transcription factors. These activities re-
quire the DNA-dependent ATPase domain of the SWI2/
SNF2 protein. Combining these results with genetic
studies showing that the requirement for the SWI/SNF
protein is abolished in cells with mutations in genes
coding for histones, led to the proposal that the SWI/
SNF complex induces chromatin remodeling that pro-
motes transcriptional activation [reviewed in Carlson
and Laurent, 1994; Peterson and Tamkum, 1995; King-
ston et al., 1996]. These properties also characterize the
recently purified human SWI/SNF complex [Kwon et
al., 1994; Imbalzano et al., 1994], which contains the
brahma and SWI2 homologues, hbrm [Muchardt and
Yaniv, 1993], and BRG1 [Khavari et al., 1993]. Both
human proteins are functional in heteropolymeric com-
plexes [Wang et al., 1996a] in which the protein compo-
sition varies with cell type [Wang et al., 1996b]. The
modular nature of these protein-protein interactions in
a developmental context might allow the embryo to
create a wide repertoire of regulators for a large num-
ber of promoters using a limited number of proteins.

After partial cloning of the murine homologues of the
hbrm and BRG1 genes, we examined expression of the
murine genes at the onset of development, using re-
verse transcription-polymerase chain reaction (RT-
PCR). Specific antibodies, raised against the divergent
N-terminal regions of these otherwise highly homolo-
gous proteins, were used to explore the cellular localiza-
tion of the proteins during the preimplantation period
(E. Legouy et al., in press). Transcripts of the two genes
are stored as maternal mRNAs in mature oocytes and

are maintained in 1-cell and 2-cell embryos. Consider-
able differences were found in the relative levels of the
two transcripts following major ZGA and this was
confirmed at the protein level. The mBRG1 protein
remained consistently abundant throughout preimplan-
tation development whereas levels of the mbrm protein
dropped drastically at the 4-cell stage. Zygotic expres-
sion of mbrm then reappeared at the blastocyst stage.
Thus far, both genes had been found to be expressed in
the same differentiated tissues or cell lines, but our
results on their differential expression in early em-
bryos, and the fact that despite having common protein
partners, they have not been found in the same com-
plexes [Wang et al., 1996b], suggest distinct roles for
the two proteins.

The presence of the two proteins in mature oocytes,
and in pronuclei of 1-cell embryos argues for the
requirement of both proteins for transcription as early
as minor ZGA. Storage of maternal brahma protein has
also been described in Drosophila and absence of the
maternal protein has severe effects on early gastrula-
tion, probably because of down-regulation of segmenta-
tion genes. On the other hand, the zygotically expressed
Drosophila brahma protein only seems to be required
later in development, suggesting different targets for
the maternal and zygotic products [Brizuella et al.,
1994]. This indicates that brahma is probably not an
essential general activator of transcription in Dro-
sophila, as recently suggested by Wilson et al., [1996],
where it was found that the yeast SWI/SNF complex
was associated with the RNA Pol II holoenzyme. The
ubiquitous expression of mBRG1 at the onset of mouse
development is consistent with such a proposal, but
recent results in the human argue against colocaliza-
tion of the human SWI/SNF complex with RNA pol II
[Reyes et al., 1997].

brahma is the only closely related homologue of
SWI2, which has been described in Drosophila, but
ISWI [Elfring et al., 1994], another member of the SWI2
family, has been identified as a component of three
chromatin remodeling complexes, NURF [Tsukiyama
and Wu, 1995], CHRAC [Varga-Weisz et al., 1997], and
ACF [Ito et al., 1997]. As observed for brahma, the ISWI
protein is abundant during early development in Dro-
sophila when chromatin modifications are occurring in
the absence of transcription [Elfring et al., 1994]. In
vitro, the CHRAC and ACF complexes have been shown
to participate in chromatin assembly, suggesting that
in addition to nucleosome remodeling during the activa-
tion of transcription, the ATPase activity of ISWI is
required for other nuclear activities over the course of
the cell cycle. In mammals, an ISWI homologue has
been identified [Okabe et al., 1992], but its participation
in chromatin remodeling complexes has yet to be char-
acterized. It will be of considerable interest to study the
role of such complexes in the chromatin transitions
leading up to minor and major zygotic genome activa-
tion in mammalian embryos.
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CONCLUSIONS
It was first proposed in Xenopus embryos that activa-

tion of the zygotic genome was dependent on the
titration of a maternally stocked factor(s) that com-
bined stoichiometrically with DNA and became limiting
when about 4,000 nuclei had formed [Newport and
Kirschner, 1982]. Subsequently, Edgar et al. [1986]
suggested that in Drosophila embryos, the onset of
zygotic transcription might depend on a lengthening of
the cell cycle in order to allow sufficient time for
transcripts to be synthesized. More recently, Pritchard
and Schubiger [1996] put forward the idea that ‘‘initial
activation of zygotic transcription in embryos is a
generic noninformational event, with genes initiating
transcription at a low and variable level.’’ In their
model, transcription would begin in a few nuclei where
the nucleocytoplasmic ratio attained a threshold level
such that titration of maternal repressors such as
tramtrack (Ttk) would allow low level expression of
certain genes.

The summary of events (Fig. 1) that occurs during
activation of the zygotic genome at the onset of mouse
development indicates that this model does not apply
very well to the mammalian embryo. Achieving an
appropriate nucleocytoplasmic dilution of maternal in-
hibitors would not appear to be the mechanism by
which the zygotic genome begins to activate transcrip-
tion as early as S-phase in 1-cell pronuclei. Instead, we
find time-dependent changes in specific phosphorylated
isoforms of RNA polymerase II and in the acetylation
status of histone H4 in the octamer core of nucleosomes
leading up to minor and major activation of the genome.
While it is clear that activation of the genome will
involve a far greater complexity of events than those
outlined here, the data suggest that regulation of the
competence of the basal transcriptional machinery and
the establishment of transcriptionally functional states
of chromatin will be essential controlling elements in
this process. The idea, however, that very restricted

temporal and spatial control of early gene expression
are not essential for correct development of the animal
[Pritchard and Schubiger, 1996] may also be true of the
preimplantation mouse embryo. In microinjection ex-
periments, mouse embryos are permissive for expres-
sion from a wide variety of templates that they nor-
mally do not express [Bonnerot et al., 1991], and altered
levels of expression of some genes, in response to
different culture conditions does not preclude success-
ful completion of development to term [Vernet et al.,
1993; Christians et al., 1995]. In fact, as shown in
Figure 1, a progressive maturation of chromatin contin-
ues through and after major ZGA. Chromatin remodel-
ing proteins such as HMG-I/Y and mbrm, stocked as
maternal products, are down-regulated through to the
8-cell stage before reappearing as zygotic products
toward the blastocyst stage. Simultaneously, somatic
linker histone H1 increases in concentration through to
the 8-cell stage. In the mouse embryo, there is also a
major genome-wide demethylation that occurs between
the 8-cell stage and the blastocyst [Monk et al., 1987].
Since methylation is usually associated with reduced
levels of gene expression, higher levels of methylation
during the earliest cleavage phases may reduce ‘nonin-
formational generic expression’ during genome activa-
tion until a minimally mature chromatin structure is
attained at the 8-cell stage. It may be significant that
both demethylated DNA and the establishment of this
basic chromatin structure are in place before the first
cellular differentiations occur at the blastocyst stage.

The importance of understanding how chromatin is
remodeled at the onset of mammalian development is
not restricted to a better comprehension of how the
embryo progresses through the preimplantation period.
Recent evidence suggests that the chromatin remodel-
ing that occurs shortly after fertilization may exert long
lasting and inheritable epigenetic effects which only
appear in adults [Roemer et al., 1997]. The capacity of
the mammalian oocyte to remodel somatic nuclei, as
shown in the cloning of a sheep from an adult somatic
cell [Wilmut et al., 1997], also opens up new and
interesting perspectives in defining how the reorganiza-
tion of chromatin states may be involved in defining
totipotent or restricted cell fates.
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