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Chromatin and gene regulation at the onset
of embryonic development

AP Wolffe
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NIH, Bidg 18 T, Room 106, Bethesda, MD 20892-5431, USA

(Received 20 August 1996; accepted 2 September 1996)

Summary — Major transitions in chromosome and chromatin structure occur during development.
Recent genetic and biochemical experiments demonstrate that these alterations in genome organization
make significant contributions to establishing and maintaining states of differential transcriptional activ-
ity. Developmentally regulated changes in histone variants have a causal role in determining patterns
of gene activity, directing the repression of specific eukaryotic genes. Chromosomal proteins such as
Polycomb stabilize and maintain transcriptionally repressed states. Proteins regulating mitotic chro-
mosome condensation have a role in determining the overall transcriptional activity of a chromosome.
In this review, | place the developmental roles of these chromosomal constituents in a structural and
functional context. Considerable insight now exists into the molecular mechanisms regulating chro-
mosomal activity during development. Chromosomal architecture is emerging as a key controlling
influence in the developmental regulation of gene expression. Recent genetic experiments using
Caenorhabditis elegans, Drosophila melanogaster and the mouse have provided clear evidence for the
functional differentiation of chromosomal structures during development. Chromosomes are visualized
as highly specialized entities, within which the activity of particular domains is largely determined by
defined structural proteins. At a more local level, the mechanisms regulating gene transcription during
early embryogenesis in Xenopus and the mouse have been found to be dependent on the biochemi-
cal composition of individual nucleosomes. Thus, variation in the type and modification of chromoso-
mal and chromatin structural proteins provides a dominant means of controlling the transcriptional
activity of individual genes, individual chromosomal domains and of entire chromosomes. The focus of
this review is to summarize these recent advances and to discuss their implications for developmen-
tal biology.

chromatin / nuclear organization / embryo / Xenopus

Résumé — Régulation de la chromatine et de I'expression des génes au début du développe-
ment embryonnaire. Des modifications majeures de la structure des chromosomes et de la chro-
matine se produisent au cours du développement. Des expériences récentes de génétique et de
biochimie montrent que ces changements de l'organisation du génome contribuent significativement
a l'établissement et au maintien d'états d'activité transcriptionnelle différents. Des modifications dans
les variantes d'histones, régulées en fonction du stade de développement, déterminent l'activité des
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génes, en contrélant chez les eucaryotes la répression de génes spécifiques des eucaryotes. Des
protéines chromosomiques comme Polycomb stabilisent et maintiennent des états de répression de
la transcription. Les protéines qui régulent la condensation des chromosomes mitotiques contrélent l'ac-
tivité transcriptionnelle générale d'un chromosome. Dans cette revue, les rdles de ces constituants chro-
mosomiques dans le développement sont placés dans un contexte structural et fonctionnel. Les
mécanismes moléculaires qui régulent I'activité des chromosomes pendant le développement (embry-

onnaire) commencent & étre élucidés.

chromatine / organisation du noyau / embryon / xénope

CHROMOSOMAL STRUCTURES THAT
IMPACT ON THE DEVELOPMENTAL
CONTROL OF GENE EXPRESSION.
AN OVERVIEW

There are three principle components to the
regulation of differential gene transcription:
the first is the availability of the specific frans-
acting factors utilized by a particular gene
required either for the recruitment of the
basal transcriptional machinery (transcrip-
tional activators) or the inhibition of this
machinery (transcriptional repressors); the
second is the availability of the basal tran-
scriptional machinery itself, including the

general transcription factors (TFIIB, TFIID, .

TFlIH, etc); and finally the chromosomal
environment in which a gene is to function.
The chromosomal environment can alter-
nately facilitate or repress transcription. Only
recently has it become possible to manipu-
late chromosomal structure in vivo, and to
functionally test the significance of these
directed alterations in vivo and in vitro.

Morphologically distinct regions of chro-
mosomes have been visually discerned for
many years: heterochromatin appears con-
densed throughout the cell cycle, while
euchromatin is more diffuse during inter-
phase (Heitz, 1928). The expression of a
gene depends on whether it is placed within
heterochromatin or euchromatin, which
implies that the exact position of the gene
within a chromosome influences function
(Lewis, 1950; Lima-de-Faria, 1983). In
Drosophila, the severity of this ‘position

effect’ is reduced by deletion of a fraction
of the genes encoding the core histones
(Moore et al, 1983) or by the post-transla-
tional modification of the core histones (Mot-
tus et al, 1980). These early experiments
have been considerably extended by work in
Saccharomyces cerevisiae. Yeast cells con-
taining reduced levels of core histones arrest
during the cell cycle at mitosis, with defects
in both chromatin structure and nuclear seg-
regation (Meeks-Wagner and Hartwell,
1986). Moreover, the initiation of transcrip-
tion at several promoters is increased by
this reduction in the levels of core histones
and conversely position effects become less
significant (Han et al, 1987; Clark-Adams
et al, 1988; Aparicio et al, 1991).

Local chromatin structure: histone
and nucleosomes

Genetic analysis has established that the
core histones have an essential role in reg-
ulating the transcription of the vast major-
ity of inducible genes in yeast (Grunstein et
al, 1992; Herskowitz et al, 1992). The indi-
vidual core histones are found to have archi-
tectural roles in the assembly of specific
nucleoprotein structures including enhancers
and promoters (McPherson et al, 1993;
Schild et al, 1993). Histones also have reg-
ulatory roles through the contacts that they
make with specific transcription factors tar-
geted to particular cis-acting elements.
These interactions can stabilize nucleosomal
arrays leading to transcriptional repression,



Chromatin and gene regulation at the onset of embryonic development

or exert a disruptive influence on nucleo-
somes, thereby activating transcription
(Hirschhorn et al, 1992; Roth et al, 1992).

The foundation of chromosomal architec-
ture lies in the assembly of nucleosomes
by the core histones and linker histones.
Two molecules of each of the four core his-
tones (H2A, H2B, H3 and H4) wrap 160 bp
of DNA and, together with a single molecule
of linker histone (H1), organize 180-190 bp
of DNA into a nucleosome (fig 1). Each core
histone has a structured histone fold domain
involved both in specific heterodimerization
with another core histone (H2A with H2B,
H3 with H4) and in wrapping DNA. An amino
(N-) terminal tail domain lies on the outside
of the nucleosome; this positively charged
tail influences the path of DNA and inter-
acts with specific trans-acting factors (Gar-
cia-Ramirez et al, 1992; Hecht et al, 1995).
The N-terminal tail domains are also the
sites of post-translational modifications such
as acetylation and phosphorylation. These
modifications reduce the positive charge of
the tail and thereby alter both the association

Fig 1. Histones and the nucleosome. A: A typical
core histone containing an N-terminal tail (black)
and the histone fold domain (white). The tail is
the site of post-translational modifications. The
histone fold domain is involved in protein—pro-
tein interactions and in wrapping DNA. B: The
histone octamer is shown. One heterodimer of
histones H3 and H4 is detailed, the other is indi-
cated by the dotted portion. Two heterodimers,
of H2A and H2B are indicated by the open por-
tions enclosed by solid and dashed lines. One
lies above and one lies below the two het-
erodimers of H3 and H4. C: Eighty base pairs of
DNA are shown wrapped around the core his-
tones from the dyad axis (dyad) to the edge of
the nucleosome. The numbers indicate turns of
DNA from the dyad axis. D: DNA is shown as a
tube with the histone tails protruding towards the
outside of the nucleosome. This view is along
the superhelical axis of the nucleosome. E: A
view of the nucleosome facing the dyad axis.
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of this domain with other trans-acting fac-
tors and the path of DNA in chromatin desta-
bilizing higher-order chromatin structures
(Turner, 1993; Bauer et al, 1994; Garcia-
Ramirez et al, 1995). Variants of the core
histones exist in which the N-terminal tail
domain has substantially diverged from that
of the predominant core histone found in
the chromatin of normal somatic cells.

Linker histones require DNA to be pack-
aged by the core histones before they can
bind tightly to chromatin (Hayes et al, 1994).
These proteins have a structured domain
that resembles the fokehead/HNF3 family
of transcription factors (Clark et al, 1993)
and two positively charged tail domains that
together stabilize the internucleosomal inter-
actions found in higher-order chromatin
structures (Allan et al, 1981). Linker his-
tones help the apparent coiling of nucleo-
somal arrays into the so-called 30 nm chro-
matin fiber (fig 2). One turn of this fiber
contains 1-1.2 kb of DNA (fig 2). Linker his-
tones, however, are not essential for the
assembly of chromosomes or functional
nuclei (Ohsumi et al, 1993; Dasso et al,
1994; Shen et al, 1995). They vary sub-
stantially in primary sequence; however, in
metazoans they retain the same basic struc-
ture of a central domain flanked by basic
N- and carboxy (C-) terminal tails. In
Tetrahymena histone H1 the central domain
is absent (Wu et al, 1986). The N- and C-ter-
minal tails of linker histones or the entire
Tetrahymena H1 are the sites of post-trans-
lational modifications such as phosphory-
lation that weaken the interaction of the pro-
tein with nucleosomal DNA (Hill et al, 1991).
Phosphorylation of the linker histones might
also be expected to destabilize higher-order
chromatin structures.

Histones can package all DNA yet have
marked selectivity in how they organize par-
ticular DNA sequences. Since histones bend
DNA, they favor interaction with sequences
that are intrinsically curved (Shrader and
Crothers, 1989; Wolffe and Drew, 1989).

Both linker and core histones also have dis-
tinct sequence preferences. Variants of the
core histones exist that direct their assem-
bly into nucleosomes containing particular
DNA sequences (Sullivan et al, 1994).
Linker histones and specific trans-acting
factors that contact both DNA and the core
histones can also direct the precise posi-
tioning of histone-DNA contacts with respect
to DNA sequence (Chipev and Wolffe, 1992;
Roth et al, 1992; McPherson et al, 1993).
This local position effect determines exactly
how the histones organize regulatory DNA,
including enhancers and promoters. It can
facilitate transcription both by keeping key
elements free of histone-DNA contacts and
therefore accessible to trans-acting factors,
and by bringing these elements together in
three dimensions and thereby clustering the
activation domains of bound transcription
factors into an effective configuration (Schild
et al, 1993). Specific nucleosomes can also
impede transcription by restricting the
access of transcription factors to regulatory
DNA (Archer et al, 1992).

Matrix

120 kb

—
1000 bp

Fig 2. Chromatin higher-order structures. Ascend-
ing hierarchies of DNA compaction within chro-
matin. Each nucleosome contains 160 bp of DNA;
each turn of the chromatin fiber contains at least
1 000 bp, and chromatin domains or loops contain
at least 20 Kb of DNA. Chromatin domains are
probably defined by the intrinsic topological con-
straints of coiling the chromatin fiber and by
attachments to the nuclear matrix (adapted for
Wolffe, 1996).
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Other proteins of the HMG1 or 2 class
can also influence transcription through their
capacity to bend DNA (Tjian and Maniatis,
1994). HMG1 and 2 are small related basic
proteins found in 5% of the chromatin within
normal somatic cells (Goodwin et al, 1977).
In yeast, isomorphous proteins such as SIN1
have a role in repressing inducible tran-
scription (Kruger and Herskowitz, 1991; Bax-
evanis and Landsman, 1995). As we will
discuss, during the early embryogenesis of
several organisms, proteins of this type may
functionally replace normal linker histones in
directing the path of linker DNA (Dimitrov
et al, 1994; Ner and Travers, 1994). This
replacement will lead to specialized higher-
order chromatin structures that might be
less stable and thus more accessible to
trans-acting factors than the normal chro-
matin found in somatic cells.

Long-range chromatin structure:
domains and chromosomes

Arrays of nucleosomes associate with other
chromosomal proteins that organize them
into chromosomal domains. Experiments in
yeast have clearly defined domains of tran-
scriptional repression including the silent
mating-type loci (Laurensen and Rine, 1992)
and the telomeres (Gottschling et al, 1990).
The efficiency of transcriptional silencing
depends on the core histones, their post-
translational modifications and trans-acting
factors that bind to the core histones (Apari-
cio et al, 1991; Braunstein et al, 1993; Hecht
et al, 1995). How the trans-acting factors
involved in silencing organize chromatin
structure has not yet been determined.

In Drosophila, the genetic search for sup-
pressors of position effect has uncovered
numerous chromatin-binding proteins
(Reuter and Spierer, 1992; Henikoff, 1994).
These proteins often act in a dose-depen-
dent manner implying that they are stably
sequestered into chromatin as structural

components (Locke et al, 1988). One fam-
ily of proteins first identified in Drosophila

-from their capacity to influence position

effect share a common domain involved in
chromatin modification and organization
known as the chromodomain. These pro-
teins are conserved from yeast to man
(Saunders et al, 1993; Singh, 1994). In
Schizosaccharomyces pombe, a chromo-
domain protein swib restricts both recom-
bination and gene expression in the silent
mating-type loci (Klar and Bonaduce, 1991;
Lorentz et al, 1992, 1994). In Drosophila,
the chromodomain protein heterochromatin
protein 1 (HP1) binds selectively to hete-
rochromatin predominantly at the cen-
tromere (James and Elgin, 1986; Eissenberg
et al, 1990). More interestingly, the Poly-
comb Group of chromodomain transcrip-
tional repressors bind to a large number of
developmentally regulated genes (> 50)
including the bithorax complex (Orlando and
Paro, 1993; see later). Proteins of the Poly-
comb Group class are not DNA-binding pro-
teins, yet have preferred sites of entry into
chromatin (Pirotta and Rastelli, 1994). They
form large multimeric complexes, exert their
effects in a dose-dependent manner and
show distinct boundaries in their associa-
tion with particular functional chromosomal
domains (Franke et al, 1992; Orlando and
Paro, 1993). How these proteins recognize
and modify particular chromatin structures is
unknown (Messmer et al, 1992).

The boundaries of Polycomb group protein
association with chromatin provide an exam-
ple of the insuiation of the structural and
functional properties of adjacent chromatin
domains. Several distinct DNA segments
have been defined (= 1 000 base pairs long)
that will insulate against position effects,
such that a gene flanked by such sequences
is expressed independent of its position
within the chromosome (Kellum and Schedl,
1991; Chung et al, 1993; Roseman et al,
1993). Proteins that associate with such
‘insulator elements’ have been character-
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ized previously (Parkhurst et al, 1988; Zhao
et al, 1995). These include DNA-binding
proteins that will also interfere with the
capacity of an enhancer to function when
they are placed between the enhancer and
a responsive promoter (Geyer and Corces,
1992; Zhao et al, 1995). A current hypoth-
esis is that insulators provide an architec-
tural function that involves tethering genes
to a nuclear matrix that prevents either tran-
scriptional activation or repression (Wolffe,
1994a; fig 3).

Insulators mark boundaries not only of
transcriptional activation or repression, but
also of histone modification. in the chicken
B-globin locus, histone hyperacetylation (in
which the N-terminal tails of the core his-
tones have three to four acetylated lysines)
changes to hypoacetylation (in which these
acetylated lysines are lost) in traversing an
insulator element (Hebbes et al, 1994).
Chromatin domains having distinct acety-
lation states have been extensively docu-
mented, ranging from hypoacetylation of
the silent mating loci (Braunstein et al,
1993), and most of the inactive X chromo-
some in female mammals (Jeppesen and
Turner, 1993), to hyperacetylation of the
transcriptionally active male X chromosome
in Drosophila (Bone et al, 1994) and of indi-
vidual chromosomal domains in polytene
nuclei (Turner et al, 1992). These results
emphasize the highly regulated targeting of
histone modifications to individual chromatin
domains. Targeting might be accomplished
either locally by enhancers or over an entire
domain by locus control regions (Grosveld et
al, 1993; Jenuwein et al, 1993; fig 3, see
later). One hypothesis to explain the prop-
erties of these regulatory regions is that they
serve several functions, including the recruit-
ment of specific histone acetyltransferases.

Early experiments defined a chromoso-
mal scaffold that tethered loops of nucleo-
somal chromatin containing from 20 kb to
as much as 50-100 kb pairs of DNA
(Laemmli et al, 1978; fig 2). Proteins within

AP Wolffe

this scaffold were proposed to pull the bases
of the chromosomal loop domains together
during chromosomal condensation at mito-
sis. The adjacent loop domains were thought
to coil in a helical path along the axis of the
chromosome (Rattner and Lin, 1985; Boy
de la Tour and Laemmii, 1988; Saitoh and
Laemmli, 1994, fig 2). Chromosome scaif-
fold proteins remain in chromosomal prepa-
rations from which most nucleic acid and
all the histones have been removed (Lewis
and Laemmli, 1982). They include topoiso-
merase Il, an enzyme essential for chro-
mosome segregation (DiNardo et al, 1984),
and a family of heterodimeric coiled-coil pro-
teins that are important for mitotic chromo-
some condensation and segregation (Strun-
nikov et al, 1993; Hirano and Mitchison,

Locus Control

Region

Hyperacetylated
histones

¢ Hypoacetylated
histones

Fig 3. A model for a functional chromatin domain.
The locus control region disrupts local chromatin
structure as do nucleoprotein complexes asso-
ciated with promoters and enhancers. The locus
control region has the capacity to facilitate directly
or indirectly chromatin structural changes such
as histone acetylation. It can also make physical
contact with promoter and enhancer complexes.
The boundaries of locus control region function
are defined by insulator elements which may
make contact with the nuclear matrix.
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1994; Saitoh et al, 1994). Proteins of this
SMC (segregation of mitotic chromosome)
family are also important for transcriptional
control. Dpy-27, an essential dosage com-
pensation gene in Caenorhabditis elegans is
a member of this family. This protein pref-
erentially associates with the C elegans X
chromosome and selectively reduces tran-
scriptional activity (Chuang et al, 1994).

The chromosomal environment is clearly
revealed through these primarily genetic
experiments to have major consequences
for gene activity at multiple levels, ranging
from the selective packaging of regulatory
DNA into nucleosomes to the preferential
modification of histones within entire chro-
mosomes. The establishment and mainte-
nance of patterns of differential gene activ-
ity during development will clearly be
dependent on the properties of the chro-
mosomes within which the genes are to be
activated or repressed.

MODULATION OF THE
CHROMOSOMAL ENVIRONMENT
DURING DEVELOPMENT

Experiments predominantly using S cere-
visiae that are briefly outlined in the pre-
ceding sections have established a key role
for chromatin proteins in gene regulation.
Nevertheless, with the exception of the silent
mating-type loci, most genes in yeast require
the capacity for continual regulation. Aside
from the determination of mating type and
the specialized process of sporulation, S
cerevisiae cells do not display develop-
mentally specific programs reflecting diverse
stable patterns of gene activity, ie, differen-
tiated states that are stably maintained
through determinative mechanisms. In con-
trast, other unicellular eukaryotes such as
the ciliate Tetrahymena exhibit several dis-
tinct patterns of differential patterns of gene
activity associated with developmental
events. Metazoans such as the common

experimental animals: Drosophila
melanogaster, the sea urchin, Xenopus lae-
vis and the mouse all exhibit global changes
in gene activity during early development.
These organisms rapidly establish cell lin-
eage and tissue-specific patterns of gene
expression early in embryogenesis. These
committed states are stably maintained
throughout adult life. In general, it appears
that the global changes in gene activity seen
during early embryogenesis are dependent
on developmentally regulated changes in
the type or modification of histone or other
basic chromatin protein. In contrast, the
selective repression of genes, in particular
differentiated cell types, appears dependent
on proteins influencing higher-order chro-
matin structure, such as those of the chro-
modomain class. This latter type of mecha-
nism might also account for the
phenomenon of imprinting or epigenetic
determination in which genes of identical
sequence are differentially expressed in the
same cell dependent on the history of the
chromosomes in which they are found.

Developmental regulation
of nucleosomal structure

Tetrahymena

Changes in nucleosomal structure are a
ubiquitous feature of developmental pro-
grams associated with the global control of
nuclear activity. Excellent examples are
found in the work of Gorovsky (1973) and
Allis et al (1987), who have systematically
characterized transitions in nucleosomal
proteins associated with development in
Tetrahymena thermophila, a ciliate proto-
zoan. T thermophila has two types of nuclei:
a diploid micronucleus that represents the
germ line of the cell, and a polyploid somatic
macronucleus that controls the phenotype of
the cell (Gorovsky, 1973). During the sexual
cycle known as conjugation, cells of opposite
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mating types fuse. This leads the germ-line
micronucleus to undergo meiosis, exchange
and fertilization, resulting in the appearance
of a diploid zygotic nucleus in each of the
original mating cells (Nenny, 1953; Martin-
dale et al, 1982). The prophase of meiosis
for the micronuclei is characterized by mei-
otic DNA recombination and repair as well
as a brief period of transcription (Allis et al,
1987). At the end of the mating process,
the diploid zygotic nucleus divides to gen-
erate a new macro- and micronucleus. The
decision to differentiate into a macro- or
micronucleus depends on their exact posi-
tions in the cell. The pre-existing ‘old’
macronucleus is transcriptionally inactivated
and eliminated, leading the transcriptional
needs of the cell to be assumed by the
developing ‘new’ macronuclei (Wenkert and
Allis, 1984). Changes in nuclear function
during this ordered developmental pathway
are dramatically correlated with transitions in
nucleosomal composition (table I).

Differences exist between the chromoso-
mal composition of the macro- and micronu-
cleus throughout the life cycle of Tetrahy-
mena. Macronuclei contain histone H1,
whereas micronuclei contain three distinct
basic polypeptides, including an HMG1-like
protein (Schulman et al, 1991; Wu et al,
1994). None of these proteins are essen-
tial for the assembly of functional nuclei

(Shen et al, 1995; see also Scarlato et al,
1995). Macronuclei are enriched in several
components characteristic of transcription-
ally active chromatin, including acetylated
core histones (Chicoine and Allis, 1986), a
histone H2A variant called hv1 containing
a N-terminal tail domain similar to that of
histone H4, and phosphorylated histone H1
(Roth et al, 1988; Stargell et al, 1993). These
proteins and modifications are normally lack-
ing in the micronucleus. In Drosophila the
hv1 homologue known as H2A.vD is abso-
lutely essential for early development,
embryos in which this gene is ‘knocked out’
die (van Daal et al, 1988; van Daal and
Elgin, 1992). The initia! cell-cell interactions
of Tetrahymena conjugation also trigger the
rapid induction of a distinct HMG 1-like pro-
tein, HMG B, which accumulates both in the
‘old’ macronucleus and in the micronucleus
(Schulman et al, 1991; Wang and Allis,
1992). The appearance of HMG B and some
hv1 in micronuclei correlate with their brief
period of transcriptional activity during mei-
otic prophase. All these modifications are
predicted to destabilize nucleosomes and
chromatin. This would lead DNA within the
chromosome to be more accessible to tran-
scription factors and more easily traversed
by processive enzyme complexes such as
DNA and RNA polymerases. Finally, dur-
ing the senescence of ‘old’ macronuclei at

Table |. Variation in the chromatin composition of Tetrahymena nuclei.

Macronucleus

Micronucleus

Transcriptionally active

Senescent, transcriptionally
inactive

Phosphorylated H1
Acetylated H4

hvl (H2A.Z)
Acetylated hv1
HMG B

Dephosphorylated H1
Tailless core histones

Specialized linker
binding protein
Umodified core

histones
No hvi
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the end of conjugation, the core histone N-
terminal tails are proteolytically removed
and histone H1 is dephosphorylated.
Removal of the core histone tails will pre-
vent any interaction with regulatory proteins.
Dephosphorylation of the linker histone tail
domains will stabilize their binding to nucle-
osomal DNA and facilitate the assembly of
higher-order chromatin structures (fig 2).
These events correlate with the inhibition
of transcription and the condensation of
macronuclear chromatin (Lin et al, 1991).

These observations indicate the plasticity
of chromatin composition; although some
nucleosomal proteins are selectively incor-
porated into chromatin during nuclear repli-
cation, others exchange into chromatin inde-
pendent of the replication process (Wu et
al, 1988; Wang and Allis, 1992}, others are
modified independent of replication (Lin et al,
1991). It is clear that changes in the chro-
mosomal environment, especially in the
micronucleus early in conjugation and in the
senescent macronucleus, are tightly cou-
pled to states of nuclear activity. Compara-
ble changes occur during metazoan devel-
opment.

Xenopus and sea urchin

In the sea urchin and Xenopus laevis, stores

of core histones are sequestered in the egg
to facilitate the efficient assembly of chro-
matin during the rapid cell division events
following fertilization (Salik et al, 1981;
Adamson and Woodland, 1974). The stored
histones also serve to remodel sperm chro-
matin once it enters the egg cytoplasm (Poc-
cia et al, 1981; Poccia and Green, 1992;
Dimitrov et al, 1994). Sperm chromatin is
highly specialized and the paternal genome
is packaged by a wide variety of proteins,
including specialized histones (Strickland
et al, 1980; Jutglar et al, 1991), small core
histone-like proteins (Abé and Hiyoshi, 1991)
and protamines (Marushige and Dixon,

1969). All that these proteins have in com-
mon is their capacity to reversibly compact
DNA into a transcriptionally inert state. They
are all removed and replaced by core his-
tones within the egg cytoplasm. In Xeno-
pus the replacement of sperm-specific basic
proteins by histones H2A and H2B is facili-
tated by molecular chaperones such as
nucleoplasmin (Philpott et al, 1991; Philpott
and Leno, 1992).

Histone acetylation appears to have a
functional role in coupling chromatin assem-
bly to the replication process (Kaufmann
and Botchan, 1994). Histone H4 is stored
in the diacetylated form in both the Xeno-
pus and sea urchin egg. During early
embryogenesis these stores of histone H4
are utilized for chromosome assembly and
the diacetylated form is progressively con-
verted to the deacetylated form (Dimitrov et
al, 1993; Chambers and Shaw, 1984). The
level of deacetylation of histone H4 appears
to be inversely related to the rate of nuclear
assembly and cell division during develop-
ment. Acetylation of histone H4 in early
embryogenesis may reduce chromatin con-
densation within the chromosomes of
embryonic nuclei, accounting in part for the
large nuclear volume (Gurdon, 1976).

Histone hyperacetylation has been shown
to facilitate the access of frans-acting factors
to DNA (Lee et al, 1993). Since the level of
acetylation of the core histones is controlled
by an equilibrium between histone acetyl-
transferases and deacetylases (Turner,
1993), it is normally possible to induce his-
tone hyperacetylation using inhibitors of
deacetylation such as sodium butyrate (Can-
dido et al, 1978) or Trichostatin A (Yoshida
et al, 1995). In Xenopus, however, hyper-
acetylated histones only accumulate in the
presence of these inhibitors for the first time
during early gastrulation (Dimitrov et al,
1993). This implies that histone acetyl-
transferase activity is developmentally reg-
ulated. Hyperacetylation of the core his-
tones correlates with the capacity to
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selectively induce transcriptional activity
{Khochbin and Wolffe, 1993) and leads to a
delay in the completion of gastrulation
(Almouzni et al, 1994). Xenopus embryos
maintained in Trichostatin A have defects
in mesoderm formation. In the starfish Aste-
rina pectinifera, the inhibition of histone
deacetylation leads to the arrest of devel-
opment at the early gastrula stage before
mesenchyme formation (lkegami et al,
1993). Thus, the capacity to modulate his-
tone acetylation levels appears important
in establishing stable states of differential
gene activity during gastrulation (Almouzni
et al, 1994).

In the growing Xenopus oocyte, tran-
scription is very active. A large fraction of
RNA synthesis occurs within specialized
lampbrush chromosomes (Anderson and
Smith, 1978; Callan et al, 1987). Following
oocyte maturation into an egg, transcription
from the endogenous chromosomes is inhib-
ited (La Marca et al, 1975). Fertilization ini-
tiates 11 cycles of cell division, which occur
in the absence of zygotic transcription (New-
port and Kirschner, 1982a). At the mid-blas-
tula transition (4 000 cell stage), the cell
cycle lengthens and a complex program of
transcription is initiated (Krieg and Melton,
1987; Rupp and Weintraub, 1991; Lund and
Dahlberg, 1992). Various models have been
proposed to explain this global control of
gene expression. The simplest model is that
the DNA synthesized during embryogenesis
titrates an inhibitor component of chromatin,
perhaps the large excess of core histones
stored in the embryo, and that once the his-
tones are all sequestered onto DNA, tran-
scriptional programs will initiate (Newport
and Kirschner, 1982b; Prioleau et al, 1994).
Substantial evidence suggests that more
complex mechanisms also contribute to this
major developmental transition. Injection of
exogenous DNA, or arrest of DNA cleav-
age does not influence the temporal con-
trol of snRNA, tRNA or rRNA synthesis
(Takeichi et al, 1985; Shiokama et al, 1989;

Lund and Dahberg, 1992). The transcrip-
tional activation of exogenous DNA by titra-
tion of histones is a gene-specific phe-
nomenon, indicative of a key role for
particular transcription factors in the pro-
cess (Almouzni and Wolffe, 1995). A limi-
tation in transcription factor activity in the
early embryo is also suggested from exper-
iments that indicate chromatin assembly to
have a key role in repressing basal but not
activated transcription (Almouzni and Wolffe,
1993, 1995). Early experiments actually
failed to observe a heat-shock response in
Xenopus oocytes (Bienz, 1986) simply
because basal transcription was not
repressed through chromatin assembly
(Landsberger et al, 1995).

The chromosomal environment in the early
Xenopus embryo is also unusual in many
other respects. The entire genome is being
replicated every 30 min and chromatin
assembly is coupled to replication, which
tends to repress basal transcription
(Almouzni et al, 1990, 1991; Almouzni and
Wolffe, 1993, 1995), DNA replication will
also disrupt pre-existing transcription com-
plexes (Wolffe and Brown, 1986). The
reassembly of transcription complexes has
a considerable lag time (Bieker et al, 1985).
Mitotic events that influence transcription
will also occur every 30 min. Mitosis leads to
the modification of the transcriptional
machinery (Hartl et al, 1993), condensation
of the chromosome into a transcriptionally
incompetent environment (Chuang et al,
1994; Hirano and Mitchison, 1994), and the
displacement of both transcription factors
and RNA polymerase (Prescott and Ben-
der, 1962; Hershkovitz and Riggs, 1995).
Thus, many events in the nucleus have the
potential to influence transcription. These
variables may have distinct consequences
for transcription from genes within the
endogenous chromosomes compared to
those within exogenous plasmid DNA
microinjected into the egg cytoplasm (Lands-
berger and Wolffe, 1995).
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In the sea urchin, stores of nuclear com-
ponents do not apparently inhibit zygotic
transcription. Both the maternal and pater-
nal pronuclei are transcriptionally active fol-
lowing fertilization (Brandhorst, 1980; Poc-
cia et al, 1985). The cleavage nuclei are
also actively transcribed (Wilt, 1963, 1964,
Kedes and Gross, 1969). However, the pat-
tern of gene expression changes dramati-
cally between the early blastula and gas-
trula. The majority of mRNA expressed
during sea urchin embryogenesis begin to
accumulate at very early blastula stages
and are then spatially restricted during gas-
trulation (Kingsley et al, 1993). A compara-
ble restriction occurs in Xenopus between
the mid-blastula transition (MBT) and gas-
trulation. At the MBT many cell lineage spe-
cific genes are pleiotropically transcribed;
only during gastrulation are cell lineage spe-
cific patterns established (Wormington and
Brown, 1983; Rupp and Weintraub, 1991).
These transitions in gene expression are
associated with major changes in the type of
histone present within the chromosome
(Newrock et al, 1977; Dimitrov et al, 1993,
1994).

Distinct core histones and linear histones
accumulate in chromatin as embryogene-
sis proceeds in the sea urchin. Maternal
pools of cleavage stage (CS) histones
CSH1, CSH2A and CSH2B replace the spe-
cialized sperm histones following fertiliza-
tion (Poccia et al, 1981). After the 16-cell
stage, the CS variants are replaced with
newly synthesized ‘a or ‘early’ histone H1,
H2A and H2B variants (Newrock et al,
1977). In the sea urchin, the rate of histone
biosynthesis is equivalent to that necessary
to package newly synthesized DNA into
chromatin; thus, pre-existing histones are
rapidly diluted during the early cell cycles
(Moav and Nemer, 1971; Goustin and Wilt,
1981). The late b, gand d sea urchin histone
genes begin to be transcribed in the blastula
and continue to be active in adult cells,
whereas transcription of the a histone genes

is repressed (Maxson et al, 1983; Knowles
and Childs, 1984). Thus, d and g variants
of histone H2B, b, d and g variants of H2A
and b and g variants of H1 accumulate in
chromatin as development proceeds. The
expression of CS and early histone gene
sets during oogenesis and early embryo-
genesis is uncoupled from DNA replication,
whereas the expression of the late histone
genes is temporally linked to DNA replica-
tion.

A common theme in sea urchin develop-
ment is the variation in histones H1, H2A
and H2B compared to histones H3 and H4.
This reflects the essential structural and sig-
nal transduction role of histones H3 and H4
in the nucleosome (Wolffe, 1995). Histones
H1, H2A and H2B readily exchange out of
the nucleosome in vivo (Louters and Chalk-
ley, 1985). These proteins do not influence
the rotational positioning of DNA on the sur-
face of the histone-octamer, but they do
influence the accessibility of nucleosomal
DNA to trans-acting factors (Wolffe, 1989;
Dong and van Holde, 1991; Hayes et al,
1991; Hayes and Wolffe, 1992; Lee et al,
1993; Ura et al, 1995). Thus, it can be
expected that modulation in the structural
properties of the nucleosome through vari-
ation in the structure of the H2A/H2B dimer
and of H1 may effect nuclear functions such
as transcription and replication in early sea
urchin development. Conclusive proof for
such an essential role for a linker histone
variant (H1 in Xenopus, see further down)
and for a histone H2A (H2AvD in Drosophila,
see earlier) has been obtained.

In Xenopus, changes in histone gene
expression are much more modest than
those in the sea urchin. It was found that
the bulk of Xenopus core histone genes are
constitutively active in the oocyte and in the
developing embryo following the mid-blas-
tula transition (Perry et al, 1986). Oocytes do
accumulate large quantities of the special-
ized variant histone H2A.X (Kleinschmidt
and Steinbeisser, 1991; Dimitrov et al,
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1994). This protein accumulates in early
embryonic chromatin but is rapidly diluted
as cell division proceeds. Linker histones
show major alterations in abundance dur-
ing Xenopus embryogenesis (Khochbin and
Woilffe, 1994). The Xenopus egg stores
large quantities of HMG1 and a linker his-
tone B4 (Kleinschmidt et al, 1985; Smith et
al, 1988; Dimitrov et al, 1994). HMG1 can
functionally replace linker histones in bind-
ing to nucleosomal DNA. HMG1-like pro-
teins are also abundant in early embryonic
chromatin from Drosophila (Ner and Travers,
1994). Aside from a structural role in chro-
matin HMG1 can also influence the func-
tionality of the basal transcriptional machin-
ery (Ge and Roeder, 1994; Shykind et al,
1995). The transcriptional quiescence in the
early Xenopus and Drosophila embryo
(Brown and Littna, 1966; Edgar and Shu-
biger, 1986) might therefore be a conse-
quence of the enrichment of HMG1 within
chromatin. Linker histone B4 is oocyte-spe-
cific in expression (Cho and Wolffe, 1994)
and is much less basic than somatic his-
tone H1 (Dimitrov et al, 1993). Nucleoso-
mal arrays containing histone B4 would be
expected to be less stable than those con-
taining histone H1. Histone B4 accumulates
in early embryonic chromatin, but is pro-
gressively diluted by somatic histone H1 as
development proceeds (Bouvet et al, 1994).
This somatic histone H1 is synthesized from
large maternal stores of histone H1 mRNA
that are only released for translation fol-
lowing fertilization (Flynn and Woodland,
1980; Tafuri and Wolffe, 1993; Bouvet and
Wolffe, 1994). Somatic histone H1 begins
to substantially replace histone B4 at the
mid-blastula transition; this replacement is
complete at the end of gastrulation (Dim-
itrov et al, 1993; Hock et al, 1993).

The progressive accumulation of histone
H1 in Xenopus embryonic chromatin corre-
lates with the transcriptional repression of
many genes between the mid-blastula tran-
sition and neurulation (Wolffe, 1989;

Andrews et al, 1991; Bouvet et al, 1994).
The precocious expression of histone H1
will cause a large family of oocyte specific
58 rRNA genes to become transcriptionally
repressed (Bouvet et al, 1994). Inhibition of
H1 synthesis sustains 5S rRNA gene tran-
scription (Bouvet et al, 1994; Kandolf, 1994).
This is an important result since it estab-
lishes that changes in chromosomal com-
position can directly influence the tran-
scriptional activity of specific genes during
metazoan development. The structural basis
for this specific regulatory role for histone
H1 appears to be the selective recognition of
DNA sequence leading to the establishment
of positioned nucleosomal arrays including
the oocyte-specific 5S rRNA genes (Chipev
and Wolffe, 1992; Ura et al, 1995). How-
ever, the stability of transcription complexes
assembled on the promoter elements of
these genes also has an important regula-
tory role (Wolffe and Brown, 1988). A fam-
ily of somatic type 55 rRNA genes form very
stable transcription complexes, whereas the
oocyte specific 5S rRNA genes form unsta-
ble transcription complexes. Limitation in
transcription factor availability as develop-
ment proceeds can serve to establish a state
of differential 58 rRNA gene transcription
where the somatic 5S rRNA genes remain
active and the oocyte 5S rRNA genes are
inactivated. During normal development the
assembly of a specific repressive chromatin
structure on the oocyte-specific 5S rRNA
genes dependent on histone H1 has a major
contribution towards maintaining differen-
tial 58S RNA gene expression (Wolffe,
1994b). The accumulation of histone H1 in
Xenopus chromatin also correlates both with
the restriction in cell lineage-specific gene
expression through gastrulation (Rupp and
Weintraub, 1991) and in the capacity of
embryonic nuclei to revert to totipotency
(Gurdon, 1962, 1963). It is therefore possi-
ble to speculate that somatic linker histones
have an essential role as repressors of tran-
scriptional programs in maintaining stable
states of gene activity.
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The mouse

Considerable circumstantial evidence sup-
ports an important role for chromatin struc-
ture in the global control of transcriptional
regulatory mechanisms during early embryo-
genesis in the mouse. Extensive changes
in nuclear activity occur during early mam-
malian embryogenesis (Telford et al, 1990).
Immediately following fertilization, early
development in the mouse is directed by
maternally inherited mRNA and proteins.
However, the zygotic genome is transcrip-
tionally active as early as G2 of the first cell
cycle (Latham et al, 1992; Ram and Schultz,
1993; Matsumoto et al, 1994; Christians et
al, 1995). Nuclear transplantation experi-
ments indicate that changes in chromatin
structure occur immediately following the
two-cell stage. This is because nuclei of
early two-cell mouse embryos will readily
support normal embryonic development
when transplanted into enucleated one-cell
embryos, whereas nuclei from more
advanced embryos do not (McGrath and
Solter, 1984; Robl et al, 1986; Howlett et
al, 1987). Thus, beyond the two-cell stage
chromatin begins to differentiate. In an inter-
esting parallel to comparable events in
Xenopus (see earlier) somatic histone H1
is first detectable in the mouse embryo at
the four-cell stage (Clarke et al, 1992).

The major transcriptional activation of the
endogenous mouse chromosomes begins in
two-cell embryos at the end of G1, concur-
rent with DNA replication. A further signifi-
cant increase in transcription occurs during
G2 when maternal mRNA are degraded.
This pattern of gene activity is controlled by
a zygotic clock (Schultz, 1993), which is
largely independent of cell division or the
ratio of DNA to cytoplasm. It regulates the
transcriptional activity of exogenous DNA
microinjected into mouse embryos as well as
that of the endogenous chromosomes (Mar-
tinez-Salas et al, 1989; Wiekowski et al,
1991). One function of the zygotic clock may

be the regulation of nuclear architecture.
Core histone acetylation changes dramati-
cally within chromatin during the first few
cell divisions of mouse embryogenesis.
Chromatin containing acetylated histone H4
becomes enriched at the nuclear periphery
when the zygotic genome is strongly acti-
vated at the two-cell stage (Worrad et al,
1995). Inhibition of histone deacetylase
using Trichostatin A increases the efficiency
of gene expression. Acetylated chromatin
localizes with RNA polymerase Il, suggest-
ing that it represents the site of active tran-
scription. This localization of acetylated chro-
matin to the nuclear periphery is lost in the
four-cell embryo and during subsequent
development. An important conclusion from
these experiments is that the functional com-
partmentalization of the nucleus occurs very
early in mouse embryogenesis (Thompson
et al, 1995).

De Pamphilis and colleagues examined
the transcriptional activity of exogenous
DNA microinjected into developing mouse
embryos. They found that the promoters of
microinjected plasmid DNA are strongly
repressed in two-cell embryos, but that this
repression can be relieved by embryo-spe-
cific enhancers (Martinez-Salas et al, 1989;
Meélin et al, 1993). Promoter activity can also
be relieved by the inhibition of histone
deacetylases using sodium butyrate. If his-
tones are hyperacetylated then the need for
an enhancer to achieve full promoter activ-
ity is substantially reduced (Wiekowski et
al, 1991; Majumder et al, 1993). This result
implicates histone acetylation as a regulatory
factor in the two-cell mouse embryo.

Further evidence for an influence of
nuclear environment on gene function fol-
lows from the microinjection of templates
into paternal and maternal pronuclei. Pro-
moters are repressed when injected into the
paternal pronucleus. This transcriptional
repression is not relieved by the inhibition
of histone deacetylases. In contrast,
although the same templates are repressed



594 AP Wolffe

following injection into maternal pronuclei,
transcription is stimulated by histone hyper-
acetylation (Wiekowski et al, 1993). Thus,
rather like the macro- and micronuclei of
Tetrahymena (see earlier), the paternal and
maternal pronuclei provide very different
environments for transcription. A challenge
for the future is to determine the potential
role of these different nuclear environments
in the imprinting of paternally and mater-
nally derived chromosomes (Pfeifer and
Tilghman, 1994).

Developmental regulation of long-
range chromatin structure

The interrelationship between changes in
chromosomal composition and function is
less clear for long-range chromatin organi-
zation than for nucleosomal DNA. This is
simply because the nature of long-range
chromosomal structure is currently much
less well defined than nucleosomal organi-
zation. It is also important to recognize that
the changes in nucleosomal organization
outlined earlier will also have direct conse-
quences for overall nuclear structure and
function. The most dramatic example of this
phenomenon occurs during erythropoiesis
in birds and amphibians when the whole ery-
throcyte nucleus becomes heterochroma-
tinized due to the accumulation of linker his-
tone variants (H5 in chicken, H1 in Xenopus,
Appels and Wells, 1972; Rutledge et al,
1988; Khochbin and Wolffe, 1993). The
accumulation of these linker histone vari-
ants leads to the arrest of transcription
(Hentschel and Tata, 1978) and of cell pro-
liferation (Sun et al, 1989; Aubert et al, 1991).

Xenopus

During early Xenopus embryogenesis there
are major changes in the long-range orga-
nization of chromosomes. As already dis-

cussed, the oocyte genome is organized
into loop domains (Callan et al, 1987). A
loop domain organization is maintained
through early development; however, the
size of the loops changes dramaticaliy.
There is a progressive thickening and short-
ening of metaphase chromosomes as devel-
opment proceeds from the blastula embryo
to the swimming tadpole (Micheli et al,
1993). Concomitant with this change in chro-
mosomal morphology the average length
of DNA loops increases by more than 60%.
Moreover, an analysis of chromosome
length values at different developmental
stages suggests that chromosomal short-
ening is simultaneous for all chromosomes
in an individual cell, but occurs asyn-
chronously in different embryonic cell types.
These cell-specific phenomena might reflect
the differentiation of chromosomal struc-
tures concomitant with determinative events.
The size of DNA loops correlates with the
size of replicons (ie, the distance between
adjacent origins of replication) (Buonigiorno-
Nardelli et al, 1982). During Xenopus
embryogenesis, prior to the mid-blastula
transition replication, origins are closely
spaced. Once the cell cycle lengthens, ori-
gins become more dispersed (Graham and
Morgan, 1966). It has been proposed that
the attachment of DNA loops to the chro-
mosomal scaffold corresponds to their asso-
ciation to replication factories (Cook, 1991).
Changes in chromosomal organization dur-
ing early embryogenesis would offer a prac-
tical system to explore the developmental
control of replicon size and of replication.
These observations illustrate the dramatic
changes in chromosome loop domain orga-
nization which can occur during early devel-
opment.

Drosophila

The majority of the evidence for higher-order
chromatin structures having a role in the
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determinative events of development is
based on genetic analysis. We have dis-
cussed the role of the histones, HP1 and
proteins of the Polycomb group in position
effect, and the evidence for the existence
of insulators that separate functional
domains of chromatin. Here we discuss how
chromodomain proteins might function in a
developmental context. Proteins of the Poly-
comb group have important roles in
homeotic gene regulation. The homeotic
genes of the Antennapedia complex and
the bithorax complex need to be differen-
tially expressed in the developing Drosophila
embryo in order to establish correct seg-
mental identity (Lewis, 1978; Kaufman et
al, 1980). The segmental identity of the
nuclei within a Drosophila embryo begins
to be established even before the transition
from syncytial to cellular blastoderm (llI-
mensee, 1978; Kauffmann, 1980). It is at
this time that heterochromatin and associ-
ated chromodomain proteins can first be
cytologically detected. Homeotic genes are
initially activated in the correct spatial
domains by the interplay of transcriptional
regulators, encoded by maternally
expressed genes and early acting seg-
mentation genes (Harding and Levine, 1988;
Irish et al, 1989). Having once established a
pattern of differential Antennapedia and
bithorax gene complex expression within
the Drosophila embryo, however, the trans-
acting factors decay away. Nevertheless,
the homeotic genes need to remain differ-
entially active throughout development in
order to ensure proper segmental identity
(Morata et al, 1983). The Polycomb group of
proteins is an essential part of the mainte-
nance mechanism that ensures segmental
identity by maintaining silent homeotic genes
in the repressed state through the rest of
development (fig 4). The Polycomb group
proteins are not required to establish nor-
mal patterning of homeotic gene expres-
sion early in embryogenesis (Kuziora and
McGinnis, 1988; Franke, 1991). However, at
later embryonic stages when homeotic

genes should be maintained in a silent state,
mutation of the Polycomb gene leads to
relief of homeotic gene repression (Beachy
et al, 1985; Caroll et al, 1986; Celniker et
al, 1990). Regulation of the Drosophila
homeotic genes by the Polycomb group is
similar to the regulation of Xenopus 5S
rRNA genes by histone H1 in that differen-
tial transcription factor association estab-
lishes a pattern of differential gene activity
that is then maintained through the assem-
bly of a specific chromatin structure.

Although the exact structural conse-
quences of the association of the Polycomb
group proteins with chromatin are not
known, modifiers of position effect influence
the homeotic genes regulated by the Poly-
comb group (Grigliatti, 1991). A model for
heterochromatin formation proposes that
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Fig 4. Models for the function of Polycomb group
proteins. A: Model for the initiation and termina-
tion of Polycomb group protein changes in chro-
mosomal organization. B: Model for the mainte-
nance of repressive chromosomal structures by
the Polycomb group proteins. Replication dis-
perses Polycomb-group proteins to both daugh-
ter chromatids which then sequester-free Poly-

comb group proteins from the nucleoplasm to
reassemble repressive chromosomal structures.
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the component structural proteins cooperate
in large complexes which can self-assemble
to package large chromosomal domains
(Locke et al, 1988). Consistent with this
hypothesis, the Polycomb protein assem-
bles into multimeric complexes (Franke et al,
1992) and is associated with inactive chro-
matin over large chromosomal domains
(Orlando and Paro, 1993). In contrast, the
Polycomb protein is absent from transcribed
regions.

Immunofluorescent techniques have been
used to examine the distribution of proteins
within chromosomal domains in the inter-
phase nucleus. These studies complement
the more structural and genetic analysis of
domain organization (Laemmli et al, 1978;
Saitoh and Laemmli, 1994). Clear evidence
emerges for the existence of specific com-
partments within the nucleus (see also
Cook, 1991) at which particular proteins are
clustered into foci. The Polycomb protein is
found to be present within such foci within
the nuclei of Drosophila tissue culture cells
(Messmer et al, 1992). This subnuclear
localization depends on the integrity of the
chromodomain, and if localization is lost, so
is the repressed state of the homeotic
genes. Thus, the Polycomb protein might
function by assembling a repressive chro-
matin domain that is tethered to the nuclear
matrix in a transcriptionally incompetent
nuclear compartment.

Opposing the repressive effects of Poly-
comb group proteins on homeotic gene
expression are the trithorax group of acti-
vators (Kennison, 1993). Experiments on
the gene brahma, a member of the tritho-
rax group, lend additional support to the
hypothesis that alterations in chromatin
structure have an important maintenance
role in sustaining patterns of homeotic gene
transcription. Mutations in brahma strongly
suppress mutations in Polycomb. It appears
that brahma is necessary to relieve the
repressive influence of Polycomb on
homeotic gene expression after embryoge-

nesis (Kennison and Tamkun, 1988;
Tamkun et al, 1992). The brahma protein
has similarities to the yeast SWI/SNF gen-
eral activator complex. This complex of more
than ten proteins (total of 2 x 106 Da) assists
a wide variety of trans-activators in facili-
tating the transcriptional activation process
(Cairns et al, 1994). However mutations
within the histone fold domain of the core
histone proteins H3 and H4 relieve the
requirement for the SWI/SNF complex (Her-
skowitz et al, 1992; Winston and Carlson,
1992; Wolffe, 1994c). This suggests that
one role of SWI/SNF and potentially the
brahma protein is to disrupt locally repres-
sive chromatin structures.

The mammalian embryo

Although the long-range chromatin organi-
zation of the mammalian embryo is even
less well understood than that of either
Drosophila or Xenopus, considerable evi-
dence suggests that aspects of chromoso-
mal structure will influence gene expression
during early mammalian development (Fun-
dele and Surani, 1994). We have already
discussed how nucleosomal composition
changes during early mouse development,
the differences in nuclear environment
between paternal and maternal pronuclei
and the correlations with transcriptional
activity. Related epigenetic phenomena are
the sitencing of one of the two wild-type
copies of a gene within a diploid nucleus
during early development: these include X
chromosomal inactivation in females and
the parental imprinting of selected autosomal
genes (Pfeifer and Tilghman, 1994). Much
attention has focused on differential DNA
methylation as a marker for imprinting; how-
ever, it is unclear whether DNA methylation
acts as a primary determinant of differen-
tial gene activity (Groudine and Conkin,
1985) or whether it simply refiects changes
in chromatin structure that determine dif-
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ferential activity and that restrict the access
of DNA methyltransferases to genes
(Gottschling, 1992). DNA-binding proteins
exist that can selectively recognize methy-
lated DNA and direct transcriptional repres-
sion (Boyes and Bird, 1991, 1992). Alter-
natively, the association of histones and the
assembly of repressive nucleosomal struc-
tures might differ between methylated and
unmethylated DNA (Kass et al, 1993).

Many genes in the inactive X chromo-
some are heavily methylated, in contrast to
those of the active X chromosome (Grant
and Chapman, 1988). However, the kinetics
with which X-linked genes become methy-
lated during the differentiation of embryonic
female somatic cells do not aiways corre-
late with the timing of transcriptional inacti-
vation (Lock et al, 1987). Other mechanisms
must therefore supplement any direct infiu-
ence of DNA methylation on transcription
within the inactive X chromosome, ie, methy-
lation might serve to maintain a state of
repression, but not to establish repression.
In contrast, if methylation is impaired in the
developing mouse embryo by restricting the
activity of DNA methyltransferase, major
changes occur in the expression pattern of
imprinted autosomal genes (Li et al, 1993).
A reduction in DNA methylation leads to the
activation of the normally silent paternal
allele of H19, the repression of the normally
active paternal allele of the /gf2 gene and
the repression of the normally active mater-
nal allele of the Igf2r gene. These results
dramatically demonstrate a key role for DNA
methylation in imprinting; however, they also
show that there is no simple relationship
between the methylation state of a gene
and transcriptional activity. Determination
of the nucleoprotein organization of
imprinted autosomal genes having different
levels of methylation will help establish the
molecular basis for the imprinting phe-
nomenon.

Considerable progress has been made
concerning the nucleoprotein organization of

the active and inactive X chromosome. Pro-
moters in the inactive X chromosome
appear to be incorporated into positioned
nucleosomes, whereas promoters in the
active X chromosome are free of such struc-
tures and have transcription factors bound to
them (Riggs and Pfeifer, 1992). Thus, spe-
cific chromatin structures clearly appear to
have a role in regulating differential gene
activity between the two chromosomes.
Moreover, nucleosomes on the active X
chromosome contain predominantly acety-
lated histones, whereas those on the inac-
tive X chromosome are not acetylated
(Jeppesen and Turner, 1993). Since
parental nucleosomes will be segregated
to the daughter chromatin during chromo-
somal duplication (Perry et al, 1993), dif-
ferential acetylation may play an important
role in the maintenance of differential gene
activity (Wolffe, 1995). Therefore, the pack-
aging of regulatory DNA within the X chro-
mosomes has considerable potential not
only for modulating the transcriptional activ-
ity of genes, but also for propagating states
that are permissive or restrictive for tran-
scription.

CONCLUSION AND PERSPECTIVE

Chromosomes are highly differentiated
structures. Their precise structure varies
depending on the functional requirements
of the nucleus and cell. A unifying feature
of early metazoan development is the
remodeling of chromatin structure from fer-
tilization to the terminal differentiation of par-
ticular cell types. Chromatin assembled
immediately following fertilization contains
specialized proteins (HMG1, and variant
core and linker histones) or post-transia-
tional modifications (acetylated core his-
tones) that are known to assemble less sta-
ble nucleosomal structures or nucleosomal
arrays. This may facilitate both trans-acting
factor access to regulatory sequences and
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the rapid movement of replication forks dur-
ing the early cleavage cycles. However,
there are no simple rules concerning the
contribution of these specialized chromatin
structures to the transcription process. In
Xenopus and Drosophila, transcription in
the early embryo is very low. In the sea
urchin and the mouse, transcription is much
more active. These variations will depend
not only on the quantity and modification of
chromatin structural proteins, but also on
comparable variations in general and spe-
cific transcription factors. Nuclear organi-
zation and cell division frequency will also
have an important influence on the tran-
scription process especially the timing
between replication and mitotic events.

As embryogenesis proceeds patterns of
gene activity become progressively more
restricted. This restriction correlates with
the appearance of the histone variants found
in normal somatic cells. Particular histone
variants can potentially be causal for the
repression of particular genes. These devel-
opmental transitions that correlate with cell
determinative events may be established in
large part by variation in frans-acting factor
abundance or activity between different cell
types, but they appear to be ‘locked in’ or
maintained by transitions in chromatin struc-
ture. This stabilizing role might be depen-
dent on histone H1, Polycomb or DNA
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methylation dependent on the repressed
gene and organism (fig 5). It is important to
emphasize that the nucleoprotein complexes
regulating gene expression will be specific;
whether or not these complexes involve his-
tones, HMG or elements of higher-order
chromatin structure will depend on the par-
ticular gene examined.

There is much to be discovered concern-
ing how chromatin and chromosomal envi-
ronments influence gene expression during
development. The developmental literature
contains many experiments involving the
introduction of exogenous template DNA
into embryos. In general, this exogenous
DNA only partially recapitulates the pattern
of gene expression obtained from the same
gene within the endogenous chromosomes
(Davidson, 1986). These discrepancies are
not due to differences in regulatory
sequences, but are most probably due to
differences in the packaging of those reg-
ulatory sequences into nucleoprotein com-
plexes (see Archer et al, 1992). This should
be seen as an opportunity to determine the
influence of chromosomal packaging on
gene expression by attempting to recreate
aspects of the chromosomal environment
on exogenous DNA. This might require the
physiological packaging of DNA into chro-
matin during replication or it might require
chromodomain proteins such as Polycomb

MAINTENANCE

Differentiation

Adult

Specialization

of chromatin
domains:
inclusion of
chromodomain
and methylation-
binding proteins,
targeted
modification of
histones

Fig 5. Model for changes
in nuclear activity and
structure during develop-
ment.
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or specialized linker histone variants to be
made available. Having established a
repressive chromosomal architecture, other
molecular machines like those containing
the brahma protein or the replication fork
might be necessary to relieve this repres-
sion and activate transcription.

An appreciation of the impact of chromatin
and chromosomal structure does not make
the understanding of the developmental con-
trol of gene expression necessarily easier;
however, it does provide an additional range
of regulatory mechanisms. The substantial
evidence presented in this review demon-
strates that chromosomal architecture has a
significant impact on developmental pro-
cesses. The future offers considerable
promise for reconstructing and thus under-
standing the correct developmental regula-
tion of genes in a natural chromosomal con-
text.
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