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Abstract

During preimplantation development in mammals, distinct epigenetic marks on oocyte and sperm
DNA are remodeled to an embryonic pattern. A recent study examining global methylation of
repetitive elements in various mammals showed that the reprogramming that occurs during normal
preimplantation development is aberrant in cloned embryos.

Cloning of mammals from adult somatic cells has been suc-
cessful in mice, sheep, cattle and pigs [1-4]. Despite this
recent success, the overall efficiency of producing live cloned
offspring is quite low (2-5%), as there is extremely high loss
during embryonic and fetal development [5,6]. In addition,
many cloned animals display abnormalities at or after birth,
which have been collectively termed large-calf or cloned-off-
spring syndrome and include increased body weight, placen-
tomegaly, pulmonary hypertension and respiratory problems
[7,8]. As a result, much of the research effort surrounding
somatic cell cloning has been directed towards trying to
improve the rate of production of live clones. Such effort has
so far met with little success, and current thinking is that
incomplete epigenetic reprogramming of the somatic
nucleus may be the cause of developmental failure of cloned
animals. It is thought that cloning mammals from differenti-
ated somatic cells requires the erasure or reprogramming of
epigenetic imprints that ‘mark’ the DNA, thereby rendering
the somatic nucleus totipotent. Because our knowledge of
the biological changes involved in reprogramming the
somatic cell nucleus after it is transferred into the enucle-
ated oocyte is limited, it is essential to understand the mole-
cular events that occur after nuclear transfer and the extent
to which a somatic nucleus can be reprogrammed to execute
normal embryonic development. This article discusses the
early efforts that aim to achieve these goals.

Genome reprogramming during
preimplantation development

Fertilization in mammals results in the union of two distinct
chromatin sets: sperm chromatin, which is highly compacted
with protamines in place of histones; and oocyte chromatin,
which is more loosely packaged into nucleosomal arrays and
arrested in metaphase II of meiosis. Remodeling of these
chromatin sets in the zygote and early-cleavage-stage embryo
is elegantly choreographed by ooplasmic factors. The inde-
pendent remodeling of the two sets of parental chromatin is
coordinated by the level of activity of one such factor, matura-
tion-promoting factor (MPF, now known to be made up of a
p34<de2-cyclin B kinase), which is present at high levels in
oocytes arrested at metaphase II of meiosis [9]. The incorpo-
rated sperm nucleus undergoes nuclear envelope breakdown,
sperm nucleoprotein remodeling (substitution of protamines
with histones), chromatin decondensation and pronuclear
formation [10]. The maternal oocyte chromatin proceeds
through the second meiotic division and a maternal pronu-
cleus is formed. DNA synthesis and transcription then occur
asynchronously within the individual maternal and paternal
pronuclei. In the mouse, a minor burst of transcription
occurs exclusively from the paternal genome during the first
cell cycle and is followed by a major burst during the second
cell cycle [11,12]; transcriptional activation in the bovine
embryo begins at the 8- to 16-cell stage. During the series of
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events that accompany remodeling of the chromatin sets, the
distinct parental epigenetic marks that are acquired during
gametogenesis are transformed into an embryonic epige-
netic pattern - with the exception of the marks carried by
imprinted genes. A recent study by Dean and colleagues [13]
examined one particular epigenetic process in an attempt to
gain an understanding of the reprogramming events that
occur during preimplantation development.

The methylation of cytosine residues in CpG dinucleotides,
which is associated with transcriptional silencing [14], is an
example of an epigenetic process that must be reprogrammed
during preimplantation development. It has been shown that
mammalian genomic DNA undergoes gradual demethylation
during preimplantation development and subsequently
becomes methylated de novo during postimplantation devel-
opment (de novo methylation occurs at CpG dinucleotides on
a strand of DNA whose complement is not already methy-
lated) [15-18]. To examine the dynamics of this process in
more detail, Dean and colleagues [13] used antibodies against
5-methylcytosine that mainly detect densely methylated cyto-
sine residues within highly and interspersed repetitive
sequences. Their data revealed that, in the mouse, DNA within
the larger paternal pronucleus is significantly demethylated by
a putative demethylase activity after fertilization but before
the first S phase (Figure 1). This replication-independent
demethylation is conserved in eutherian mammals: cattle,
pigs and rats all exhibit active global demethylation of the pre-
sumed paternal genome. Asymmetric behavior of the parental
genomes is corroborated by the replication-independent
demethylation of the paternal allele of several single-copy
genes in mouse zygotes [19]. During mouse and bovine preim-
plantation development, the maternal genome is also
demethylated, notably in a replication-dependent manner
(Figure 1). Reduction in global methylation is first observed at
the 2-cell stage and proceeds through the next cell divisions,
suggesting that the maternal genome is somehow protected
from the active demethylase activity and instead undergoes
passive demethylation [20]. Both mouse and cattle genomes
are hypomethylated by the 8- to 16-cell stage. In contrast to
the mouse, in which genome-wide de novo methylation begins
in the inner cell mass (ICM) of the blastocyst-stage embryo, in
bovine embryos this process commences at the 8- to 16-cell
stage, before blastocyst formation. As a result, there is diver-
gence in the methylation pattern between mice and cattle,
with bovine blastocysts exhibiting methylation both in the
ICM and in cells of the outer cell layer (trophectoderm).
Similar results were reported in the mouse by Rougier and col-
leagues [21] and in cattle by Bourc’his et al. [22]. Differential
demethylation (and topological separation) of the maternal
and paternal genomes continues through to at least the 4-cell
stage in the mouse, after which the two parental genomes have
attained roughly the same levels of global hypomethylation
[23]. Taken together, these data show that the parental
genomes undergo extensive changes in global methylation
during preimplantation development.

Genome reprogramming during somatic cell
cloning

Embryogenesis comprises a series of well-orchestrated
events that begins with fertilization to form a single-cell
zygote and ends with a multicellular organism. The majority
of cells within an embryo differentiate into histologically dis-
tinct and functionally diverse cell types. As these cells
develop their specialized identities, they undergo epigenetic
changes to reflect their need to express particular genes.
Once fully differentiated, the cellular state is stable and heri-
table. It is assumed that for somatic cell cloning to be suc-
cessful, the terminally differentiated somatic cell nucleus
that is transferred into the cytoplasm of an enucleated
meiotic metaphase II oocyte must undergo reprogramming
to erase cell-type-specific epigenetic traits and to gain
totipotency [24]. This would require tissue-specific gene
expression to be switched off and embryo-specific gene tran-
scription to be turned on, so that embryonic development
can be properly initiated and executed. This reversal of dif-
ferentiation could theoretically be accomplished by repro-
gramming of genome-wide epigenetic processes such as
DNA methylation and chromatin remodeling.

The methodology for somatic cell cloning was designed to
approximate the events that occur during fertilization and
early embryogenesis. The procedure begins with the removal
of the meiotic metaphase II chromosome-spindle complex
from the ovulated oocyte, followed by microinjection or
fusion of the somatic donor cell or nucleus with the enucle-
ated cytoplast [5,6]. Exposure of the somatic cell nucleus to
high MPF activity probably results in nuclear envelope
breakdown and premature chromosome condensation. Fol-
lowing oocyte activation and suppression of extrusion of the
second polar body, MPF activity probably declines, chro-
matin decondenses and pseudopronuclei are formed. DNA
replication and cellular division follow, and the clone may
proceed through preimplantation development.

Given that the major loss (around 95%) of cloned embryos
occurs during preimplantation and early postimplantation
stages [5], it is likely that cloned embryos are ineffective at
reprogramming the somatic donor nucleus. One possible
cause of the low rate of cloning success is an incomplete re-
establishment of embryonic DNA methylation patterns. To
address this possibility, Dean and colleagues [13] used anti-
bodies to 5-methylcytosine to examine genome-wide methy-
lation patterns in cloned bovine preimplantation embryos.
Pseudopronuclei formed from the somatic donor nucleus in
the reconstructed zygote were found to undergo some degree
of active demethylation: pronuclei displayed a reduction in
anti-5-methylcytosine immunofluorescence to approxi-
mately half that observed in the original somatic nucleus
(Figure 1). In contrast to normal embryos, however, there
appeared to be no passive demethylation during the follow-
ing cell divisions and instead precocious de novo methyla-
tion was reported in some nuclei at the 4- and 8-cell stages.
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Figure |
Reprogramming of global methylation in normal and cloned preimplantation embryos. (a) The mouse paternal genome (blue) (in the mouse

distinguishable as the larger pronucleus at the |-cell stage) undergoes active demethylation while the maternal genome (red) is passively demethylated.
Differential demethylation and topological separation of the maternal and paternal genomes continues through to at least the 4-cell stage, after which the
two parental genomes attain roughly the same levels of global hypomethylation (green). (b) Bovine embryos exhibit the same active and passive
demethylation as the mouse up to the 8- to |6-cell stage, after which de novo methylation is observed (black line on the graph; the parental genomes
cannot be distinguished to determine whether methylation is acquired at the same rate in the maternal and paternal chromosomes). (c) Cloned bovine
embryos (with somatic nuclei in orange) have active but not passive demethylation activity. Precocious de novo methylation is observed in all nuclei

beginning at the 4-cell stage. MIl, meiotic metaphase II.
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In cloned morulae, methylation patterns more closely
approximated those of the donor somatic nucleus than those
of normal fertilized 16-cell embryos.

These results contrast with those reported by Bourc’his and
colleagues [22], who observed no active demethylation in
cloned bovine zygotes and found that the somatic pattern in
donor nuclei was preserved through to the 4-cell stage. In a
proportion of 8-cell embryos, and in morula- and blastocyst-
stage embryos, euchromatin was demethylated while cen-
tromeric heterochromatin was de novo methylated.
Although the disparity between the results for early active
demethylation may reflect the difference in the microscopy
assays used by these two groups, it may also be explained by
the age of the donor cell used for the studies. In the study by
Dean et al. [13], non-starved fetal fibroblast nuclei were used
as the donor, whereas in the study by Bourc’his et al. [22]
quiescent adult skin fibroblast cells were used, suggesting
that older cells are more resistant to reprogramming. The de
novo methylation at the 4- to 8-cell stage observed by Dean
and co-workers [13] may correspond to the de novo methyla-
tion of centromeric heterochromatin in 8-cell clonal
embryos reported by Bourc’his and colleagues [22].

Aberrant methylation in cloned bovine preimplantation
embryos was corroborated by an independent experimental
approach, assaying methylation by bisulfite mutagenesis and
sequencing [25]. Cloned bovine embryos fail to demethylate
the repetitive sequence elements satellite I and Bov-B, but
instead maintain methylation levels similar to those found in
donor nuclei [25]. Normal fertilized embryos, by contrast,
exhibit gradual demethylation of these sequences during
preimplantation development. A detailed examination of
methylation levels during the first cell cycle, to determine
whether active demethylation of these sequences occurs, was
not conducted in this study [25].

The results discussed here point to an impaired ability of
clones to appropriately reprogram the somatic genome. The
retention of a donor-like methylation profile in reconstituted
embryos may be explained by the possible presence of the
somatic form of DNA methyltransferase 1 that may be intro-
duced by the original donor cells [26]. In the presence of this
enzyme the genome-wide demethylation characteristic of
preimplantation embryos may fail to be recapitulated.
Impaired epigenetic reprogramming capabilities of the
somatic donor DNA during the earliest stage of clone
embryogenesis may be one of the factors contributing to the
lethality and abnormal development of cloned animals. Con-
tinuing investigations that examine the reprogramming
events during normal and clonal embryonic preimplantation
development will yield further insights into the molecular
mechanisms that regulate the transformation of gametic epi-
genetic marks into the appropriate embryonic patterns in
various mammals and the extent to which cloned embryos
can reprogram their somatic genome.
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