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Summary

In mammalian fetal ovaries, oogonia enter the meiotic cell cycle to become primary oocytes,

and then they are arrested at the diplotene stage of the first meiotic prophase. During this arrest,

some of the oocytes start to grow. Fully-grown cocytes resume meiosis under the stimulation of
gonadotropic hormones, and mature to metaphase II. During this oocyte maturation,
chromosomes start to condense, and Cdc2 kinase and MAP kinase become active. The
chromosome condensation is the first step of the oocyte maturation and has been thought to be
induced by Cdc2 kinase. However, the cause of the chromosome condensation has not been
understood completely. Morphological change in chromosomes in somatic cells has been
implicated by histone modification. Histone N-terminal tails provide sites for a variety of
post-translational modifications including acetylation, phosphorylation and methylation.

The main objective of this research was to investigate the regulation of chromosome

morphology by histone modification in pig oocytes during the growth, maturation and activation.
In addition, the study was carried out to determine the involvement of histone H3 modifications
in the change in chromosome morphology of the somatic nuclei transferred into in vitro-matured
pig oocytes. Finally, the possible involvements of histone modifications induced by some
inhibitors that had been shown to affect on chromosome morphology were investigated.

In Chapter 2, the correlation between chromosome condensation and histone H3
phosphorylation at serine 10 (F3-S10) during maturation of pig cocytes was examined. The
phosphorylation of histone H3-S10 was first detected in the clump of condensed chromosomes at
the diakinesis stage, and thereafter it was maintained until metaphase II. The kinase assay showed
that histone H3 kinase activity was low in oocytes at the germinal vesicle stage and increased
markedly at the diakinesis stage, and that the high activity was maintained until metaphase II. To
elucidate the involvement of Cdc2 kinase, MAP kinase, and histone H3 kinase on the
chromosome condensation and histone H3 phosphorylation, the effects of protein phosphatase
1/2A. (PP1/PP2A) inhibitors on the chromosome condensation, phosphorylation of histone
H3-S10, and activities of histone H3, Cdc2 and MAP kinases were investigated. The results
showed that inhibitors of PP1/PP2A induced rapid chromosome condensation associated with
histone H3-S10 phosphorylation after 2 h of treatment. Both histone H3 kinase and MAP kinase
were activated in the treated oocytes, although Cdc2 kinase was not activated. In oocytes treated

with a PP1/PP2A inhibitor (calyculin A) and 2 MEK inhibitor (U0126), neither Cdc2 kinase nor -

MAP kinase were activated, although histone H3 kinase was still activated and the chromosomes
condensed: with histone H3-S10 phosphorylation. The inhibitor experiments made clear that the
chromosome condensation correlated with histone H3 kinase activity, but not with Cdc2 kinase
and MAP kinase activities. These results demonstrate the phosphorylation of histone H3-S10
occurs in condensed chromosomes during maturation.

In Chapter 3, correlation between the morphological change of chromatin/chromosome and
histone H3 modifications were investigated throughout cocyte growth, maturation and activation.
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The results indicated that the modulation of chromatin configurations from decondensed state to
peri-nucleolar heterochromatin sheath during oocyte growth involved the change in the levels of
histone H3 acetylation at lysine 9 (H3-K9), H3-K14 and H3-K18. The phosphorylation of histone
H3-S10 and H3-528 was not involved in the change in the chromatin morphology in growing
oocytes. The data also showed that the complete acquisition of histone H3 methylation
corresponded to the formation of heterochromatin in fully-growth oocytes. Early maturation,
phosphorylation of H3-S28 was detected in condensing chromosomes in the oocytes at GV II-IV
stage after 9 h of maturation culture, and then historie H3-S10 was phosphorylated. During the
maturation, all the histone H3 acetylation levels decreased dramatically, however, methylation of
histone H3-K9 was maintained. After electro-activation, acetylation of H3-K14, H3-K9 and
H3-K18 reappeared at anaphase II, telophase Il and the pronucleus stage, respectively. The
reappearance of acetylated H3-K9 was concomitant with the drop of phosphorylation levels of
H3-S10 and H3-528 at this stage. Chromosomes were completely decondensed and H3-S10 was
completely dephosphorylated at the time of pronucleus formation. The methylation of H3-K9 was
maintained during maturation and after activation until pronucleus stage in the oocytes. These
findings suggest that chromatin/chromosome morphologies of pig oocytes are regulated by
acetylation/deacetylation and phosphorylation/dephosphorylation of histone H3. It was also
shown that the oocytes in secondary follicles lacked histone H3-K9 methylation and the
methylation was established correlative with oocyte growth. Although histone acetylation and

. phosphorylation were reversible, the stable methylation of H3-K9 was maintained throughout the

oocyte maturation and activation. Furthermore, it is suggested that the ordered phosphorylation of
histone H3 at S10 and S2Z8 is though to be influenced by other modification, acetylation of
neighboring lysines in the histone H3 molecule.

In Chapter 4, nuclei of somatic cells were transferred into in vifro-matured pig oocytes, and
their histone H3 modifications were investigated in relation to the change in the chromosome
morphology. A series of phenomena were observed in the somatic nuclei during first 2 h after
nuclear transfer, chromosome condensation to form metaphase-like configuration, nuclear
membrane disassembly, decrease in histone H3 acetylation levels, and increase in histone H3
phosphorylation levels. These results showed that nuclear remodeling including histone H3
modifications of injected somatic nuclei took place in the oocytes under the regulation of oocyte
cell cycle. In the next experiment, oocytes injected with nuclei of somatic cells were
electro-activated, and chromosome morphology of oocytes and somatic cells was examined in
correlation with their histone modifications in the same ooplasm. In most of the case,
chromosomes of somatic cells showed similar morphological change to those of oocytes. They
also showed similar change in histone H3 phosphorylation and acetylation as oocytes. These
tesults suggest that histone H3 phosphorylation and acetylation, but not methylation, of
transferred somatic nuclei are controlled by oocyte cytoplasm.

In Chapter 5, it was examined whether meiosis-specific deacetylation and phosphorylation
of histone H3 were affected by three different chemical inhibitors that had known to regulate
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meiotic maturation of oocytes. The inhibitors were a histone deacetylase (HDAC) inhibitor
trichostatin A, a protein synthesis inhibitor cycloheximide, and a tyrosine phosphatase inhibitor
vanadate. The results showed that HDAC inhibition induced maturation arrest, protein synthesis

inhibition maintained histone H3 acetylation, and tyrosine phosphatase inhibition caused’

heterochromatin decondensation and maintenance of histone H3 acetylation. The data indicated
that all the three different inhibitors prevented the meiotic resumption of pig oocytes. Although
the induced chromatin configurations were different among treatments, acetylation of histone
H3-K14 and dephosphorylation of H3-510 were maintained. ’

The correlation of juxapositional histone H3 modifications of oocytes can be summarized in
a model as follows: During their growth phase, histone H3-K9 become methylated for
establishment of the maternal gene imprinting and histone H3-K9, H3-K14 and H3-K18 are
acetylated for the transcriptional activity. When the fully-grown oocytes are stimulated by
gonadotropins and start their maturation, histone H3-S28 and then H3-S510 become
phosphorylated for the meiotic chromosome condensation. The phosphorylation of H3-S10 is
accompanied by the deacetylation of H3 at K9, K14 and K18. In oocytes at metaphase I and II,
histone H3 at $10 and S$28 are phosphorylated and K9, K14 and K18 are deacetylated completely.
After activation of matured oocytes, H3-S10 and then H3-S28- become dephosphorylated for
decondensation of chromosomes dnd H3-K9, H3-K14 and H3-K18 are reacetylated for preparing
the zygotic transcription. Although histone acetylation and phosphorylation are reversible, the
stable methylation of H3-K9 is maintained throughout the oocyte maturation and activation.

The oocyte growth, maturation, and activation are complex processes, which include
transcription, meiotic arrest with condensed heterochromatin, chromosome condensation and
decondensation, two consecutive meiotic divisions, and genomic imprinting, for producing the
female gamete, egg. The work described in this dissertation suggests that oocytes have unique
ability to manage these complex processes through the histone, at least core histone H3
modifications in chromatin. The phosphorylation of histone H3 is the first sign of oocyte
maturation, and the balance of histone H3 kinase and PP1/PP2A activities regulates the
phosphorylation leading to the chromosome condensation. The acetylation of histone H3 during
oocyte growth and reacetylation after oocyte activation perhaps concern the transcriptional
activities. The deacetylation during oocyte maturation and after somatic nuclear transfer may
concem in erasing some memories in oocyte growth and differentiated state, respectively, to
create the undifferentiated or totipotent embryos. Since the sites for the modifications are within
the short histone tail, the.juxtaposition of the modification sites is thought to provide
cross-regulations of different modifications. When histone deacetylases are inhibited, histone H3
is not phosphorylated and the meiotic resumption is arrested. In contrast to the phosphorylation
and acetylation, the energetic stability of histone H3 methylation through the maturation and
activation perhaps contributes to the oocyte maternal epigenetic memory. '
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