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Cytoplasmic factors that control nuclear behavior in mammalian
oocytes: A re-evaluation of studies performed as a student
of Yoshio Masui
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Studies performed by the author in the laboratory of Dr Yoshio Masui are reviewed and inter-
preted in the light of subsequent findings. The first series of studies indicated that that chromo-
some condensation during meiotic maturation of mouse oocytes is controlled initially by a stable
protein that decays during maturation and subsequently by an unstable protein synthesized after
germinal vesicle breakdown. Cyclin B is present in immature oocytes, becomes partially degraded
near metaphase I and then re-accumulates, suggesting that this may be protein whose activity was
inferred from the original results. The second series of experiments indicated that factors which
appear in the oocyte cytoplasm during maturation are able to remodel the sperm into metaphase-
like chromosomes, and that the supply of these factors is limited. Recent work indicates that these
factors are required for the assembly of histones onto the sperm DNA, and has identified two
molecular species, mMNAP-1 and NPM-3, known to promote replication-independent chromatin

assembly in somatic cells, that are expressed in oocytes. (O Elsevier, Paris)
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I was introduced to Yoshio Masui through two
undergraduate embryology courses that he taught
in the Department of Zoology at the University of
Toronto, Canada. Through his lectures and selec-
tion of research papers to be studied, Yoshio kin-
dled my interest in embryology and especially in
the life of the oocyte. I subsequently worked for
him for a year as a research assistant and then
entered graduate school in the fall of 1978.

The late 1970s was a busy time in the Masui
laboratory. The lab comprised two branches,
focused on frog and mouse oocytes, respectively.
Peter Meyerhof, who published three seminal
papers on the characterization of cytostatic factor
(CSF), was the senior graduate student. Manfred
Lohka was beginning his work that would lead to
developing the cell-free system for studying
nuclear behavior during the cell cycle. Soon to join
the lab was Ellen Shibuya, who would continue the
work on CSF. Leading the mouse work was John
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Brazill, who was extending Yoshio’s work on DNA
repair activity during oocyte meiotic maturation.
Margaret Miller, who went on to do graduate work
with Yoshio, was a research assistant working on
sperm-oocyte interaction. A few years later, Hanna
Balakier, already well-known through her studies
with Prof. Andrzej Tarkowski on nucleo-cytoplas-
mic interactions in oocytes using techniques of cell
fusion, joined the Masui group.

Yoshio proposed that I join the mouse side of the
lab. Gregorio Siracusa and colleagues had recently
published a paper showing that mouse eggs at meta-
phase II could be parthenogenetically activated by
an inhibition of protein synthesis (Siracusa et al,
1978). Previous work from Paul Wassarman and
others (Stern et al, 1972; Wassarman et al, 1976) had
shown that, when germinal vesicle (GV)-stage
oocytes were exposed to such inhibitors, they
would undergo germinal vesicle breakdown
(GVBD) but did not progress beyond metaphase 1.
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Yoshio proposed that it would interesting to exam-
ine how the response of the oocyte changed during
meiotic maturation. First, however, he wrote to Dr
Siracusa to inquire whether he was pursuing simi-
lar experiments and to ask permission for us to
undertake this work. This example provided an
early insight into Yoshio’s integrity and his percep-
tion of the close tie that exists between the indivi-
dual scientist and his/her research.

I obtained GV-stage oocytes, cultured these to
allow meiotic maturation to occur and, at different
stages of maturation, exposed them to a protein
synthesis inhibitor, puromycin, for 6 h. I examined
the morphology of the chromatin at the end of the
drug treatment and after protein synthesis had
resumed (Clarke and Masui, 1983). I observed that
when protein synthesis was inhibited in oocytes
that had just undergone GVBD, the chromosomes
remained condensed as at metaphase. This resem-
bled the behavior previously reported in oocytes
treated at the GV stage. But when protein synthesis
was inhibited beginning a few hours later during
maturation, at about metaphase I, the oocytes com-
pleted the first meiotic division and the chromo-
somes then decondensed to form a nucleus. This
defined a transition point in early maturation,
beyond which protein synthesis inhibition caused
the oocyte to enter an interphase-like condition.

The behavior of oocytes treated at metaphase I
with puromycin resembled that observed by Sira-
cusa et al who had applied the inhibitor at meta-
phase II; meiotic division was completed after
which the oocyte entered interphase. When I
removed the metaphase I-treated oocytes from
puromycin, however, an unexpected event
occurred. They did not undergo DNA replication or
mitotic cleavage division, as occurred in oocytes
treated at metaphase II. Instead, between 6 and 9 h
after removal of the drug, the chromosomes recon-
densed and assumed a morphology resembling
that observed at meiotic metaphase. Thus, although
inhibition of protein synthesis at metaphase I
caused oocytes to enter interphase, it did not par-
thenogenetically activate them. This defined a sec-
ond transition point, during late maturation, when
oocytes became capable of parthenogenetic activa-
tion in response to protein synthesis inhibition.

Yoshio and I proposed that the first transition
point reflected a change in the properties of the
proteins supporting chromosome condensation.
According to this model, immature oocytes con-
tained a pool of a relatively stable protein that,
when maturation was initiated, promoted chromo-
some condensation. This protein decayed during
maturation, however, and chromosome condensa-
tion was then maintainred by an unstable protein
synthesized sometime after GVBD. Thus, when
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protein synthesis was inhibited during early matu-
ration, the chromosomes remained condensed
because the stable first protein had not yet decayed,
and when it was inhibited at metaphase II, they
decondensed once the unstable maintenance pro-
tein had become depleted. Inhibition of protein
synthesis near metaphase I led to chromosome
decondensation owing to the natural loss of the
stable initiator protein coupled with absence of syn-
thesis of the unstable maintenance protein. In the
case of the second transition, we suggested that, rel-
atively late during maturation, oocytes produced a
protein that stabilized the decondensed state of the
chromatin, and this prevented a return to meta-
phase once protein synthesis had resumed.

Many of the proteins that govern the cell-cycle
transitions of maturation have now been identified,
and this model can now be interpreted at a molecu-
lar level. Briefly, fully grown immature oocytes
contain the components of MPF, p34 and cyclin B
(Choi et al, 1991; Chesnel and Eppig, 1995; Mitra
and Schultz, 1996; de Vantéry et al, 1996), as well as
the cdc?C gene product (Mitra and Schultz, 1996)
which may control MPF activation when matura-
tion begins. Immature oocytes also contain mos
protein (Paules et al, 1989), which is also synthe-
sized during maturation (Verlhac et al, 1996), and
the MAP kinases, p42¢%2 and p44¢*! (Sobajima et al,
1993; Verlhac et al, 1993), whose phosphorylation
and kinase activity during maturation require mos
(Verlhac et al, 1996; Hirao and Eppig, 1997a). Near
metaphase I, a portion of the cyclin B is degraded
(Hampl and Eppig, 1995) and MPF activity declines
(Choi et al, 1991; Kubiak et al, 1992; Gavin et al,
1994). By contrast, the quantity of p34 appears to
remain constant during this time (Choi et al, 1991).
As cyclin B is present in immature oocytes and per-
sists until metaphase I, it may be the stable protein
of our model.

After meiosis I, cyclin B re-accumulates due to
new synthesis (Hampl and Eppig, 1995) and MPF
activity increases. Interestingly, the cyclin B in meta-
phase II oocytes is less stable than the cyclin B in
metaphase I oocytes (Hampl and Eppig, 1995).
Cyclin B is continuously synthesized and degraded
in oocytes at metaphase II (Kubiak et al, 1993) and
declines rapidly in metaphase II oocytes treated
with protein synthesis inhibitors (Moos et al, 1996).
Furthermore, cyclin B fails to re-accumulate in
oocytes in which mos protein has been depleted by
injection of antisense oligonucleotides, suggesting
that mos may be required to stabilize newly synthe-
sized cyclin B (O'Keefe et al, 1991). When cyclin B
re-accumulation is inhibited, it might be predicted
that MPF activity would remain low. Consistent
with this prediction, oocytes injected with mos anti-
sense oligonucleotides often enter interphase fol-
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lowing meiosis I (O’Keefe et al, 1989, 1991; Gebauer
et al, 1994), exactly as occurs following protein syn-
thesis inhibition near metaphase I. On the other
hand, in mos-/- oocytes, MPF is reactivated after
metaphase I and the oocytes enter metaphase II
(Verlhac et al, 1986); it will be important to know
whether cyclin B re-accumulates in these oocytes.
Based on these results, we may tentatively propose
that the cyclin B synthesized after meiosis I may be
the unstable maintenance protein of our model.

It should be emphasized that the relationship
between mos, cyclin B, and MPF activity remains to
be fully explained. When mos is depleted from
maturing oocytes, different responses have been
observed. Injection of antisense oligonucleotides at
the GV stage can lead either to arrest at metaphase I
with condensed chromosomes (Paules et al, 1989),
or to completion of the first meiotic division fol-
lowed by entry into interphase (O’Keefe et al, 1989,
1991; Gebauer et al, 1994; Hirao and Eppig, 1997a).
In the mos-/- mice, an even greater range of
responses has been observed (Colledge et al, 1994;
Hashimoto et al, 1994; Araki et al, 1996; Verlhac et al,
1996; Hirao and Eppig, 1997b). Some oocytes com-
plete meiosis I and then enter interphase, whereas
others complete both meiosis I and II and then
enter interphase. This may reflect the fact that,
although a portion of the cyclin B is degraded at
metaphase I, a substantial amount remains (Hampl
and Eppig, 1995). Perhaps this amount is close to
the threshold required to activate MPF so that dif-
ferences in mouse genetic background or experi-
mental procedure, which might lower or raise the
threshold, determine whether following meiosis I
the oocyte enters meiosis II or interphase. In still
other cases, however, the oocytes complete both
meiotic divisions, enter interphase but then rapidly
return to a meiotic metaphase-like condition
termed metaphase III (Kubiak, 1989; Verlhac et al,
1996). These oocytes also display unusual microtu-
bular arrays, which may indicate that mos has
numerous intracellular targets.

What of the second transition point, beyond
which the oocyte remains in interphase after pro-
tein synthesis resumes. It seems likely that the met-
aphase I-treated oocytes, upon withdrawal of
puromycin, synthesize cyclin B and mos and conse-
quently return to a meiotic metaphase-like state.
Why do metaphase II-treated oocytes not also
return to meiotic metaphase? We may suppose that
between metaphases I and II, the oocyte acquires
some property so that when it exits from meta-
phase, either by an activating stimulus or by deple-
tion of MPF through protein synthesis inhibition, it
enters the mitotic cell cycle. One could further spec-
ulate that those oocytes which, when given a par-
thenogenetic stimulus at metaphase II, complete
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the second meiotic division and then enter meta-
phase III (Kubiak, 1989) rather than interphase,
have failed to acquire this property.

The nature of this acquired property is entirely
speculative. Immature oocytes contain a large stock
of mRNAs that are translated during maturation,
however, and as in the frog (Sheets et al, 1994) dif-
ferent mRNAs may be translated at different times.
It may be hypothesized that proteins appearing at a
late stage of maturation confer the ability to enter
the mitotic cell cycle. One possibility is that these
proteins might degrade mos, provided MPF activ-
ity is low (Weber et al, 1991). Thus, depletion of
MPF activity at metaphase I would not trigger mos
degradation because the components of the proteo-
lytic system had not yet been synthesized. When
protein synthesis resumed, the existing mos would
stabilize the newly synthesized cyclin B, leading to
increased MPF activity and a return to metaphase.
In contrast, depletion of MPF activity at metaphase
IT after these components had been synthesized
would trigger mos degradation. In the absence of
mos, cyclin B could not accumulate and the oocytes
would remain in interphase.

A second possibility is that these proteins might
be required for mitotic cell-cycle progression.
Cyclin E, which is required for entry into S-phase
(Sauer and Lehner, 1995; Reed, 1997), is synthesized
during maturation in the frog (Chevalier et al, 1996)
and its mRNA is present in mouse oocytes (Moore
et al, 1996). Perhaps translation of cyclin E enables
oocytes to enter S-phase and this in turn precludes
return to meiotic metaphase. Some support for this
notion may be found in experiments in which we
induced metaphase I oocytes to enter interphase
and then prevented recondensation to metaphase
by incubating the oocytes in dibutyryl cyclic AMP
(dbcAMP; Clarke and Masui, 1985). Under these
conditions, the oocytes began DNA replication
about 20 hr later, and some of these developed to
the blastocyst stage (Clarke et al, 1988). It could be
proposed that normally cyclin E mRNA is trans-
lated relatively late during maturation. In oocytes
treated at metaphase I with puromycin, translation
would not occur until during the post-puromycin
incubation in dbcAMP. Once the cyclin E had been
synthesized, the oocytes, being in interphase, would
begin DNA replication. This model, however, does
not address the possible importance during
embryogenesis of the calcium transients that are
observed following fertilization but may not occur
during ‘activation’ by protein synthesis inhibition.
It would be interesting to test whether mos-/-
oocytes, which develop parthenogenetically in the
apparent absence of a calcium-releasing trigger, can
support normal embryogenesis following appropri-
ate nuclear transfers to provide a paternal genome.

Clarke



552

Following this M.Sc. work, I continued under
Yoshio’s supervision as Ph.D. candidate. This
research work took a different orientation towards
the cytoplasmic control of nuclear behavior,
namely, the effect of oocyte cytoplasm on nuclei
obtained from a different cell type. This conceptual
approach was already well established in the Masui
laboratory. A previous student, David Ziegler, had
published a series of papers describing the behav-
ior of brain nuclei exposed to frog oocyte cytoplasm
(Ziegler and Masui, 1973, 1976). As well, Tarkowski
and collaborators were performing similar studies
in the mouse, using cell fusion to introduce hetero-
logous nuclei into oocytes (Tarkowski and Balakier,
1980; Czolowska et al, 1984). The results of these
experiments together with the studies of cultured
mammalian cells (Rao and Johnson, 1970; Johnson
and Rao, 1970, Sunkara et al, 1979) were central
in establishing the concept that very similar cyto-
plasmic proteins control nuclear behavior in many
different cell types.

I examined the effects of oocyte cytoplasm on
sperm nuclei (Clarke and Masui, 1986, 1987).
Oocytes inseminated during meiotic maturation
were not activated by sperm penetration but rather,
at least when only one or two sperm entered the
oocyte, were able to complete maturation and
become arrested at metaphase II. The failure of the
oocytes to be activated was probably due to the
immaturity of calcium-releasing systems that
develop during maturation (Ducibella et al, 1990;
Ducibella and Buetow, 1994; Mehlmann and Kline,
1994; Mehlmann et al, 1995; Jones et al, 1995). It
meant, however, that we could examine the behav-
ior of the sperm nuclei in a metaphase cytoplasmic
environment.

When the inseminated oocytes were maintained
in dbcAMP so that they remained arrested at the
GV stage, no changes in the sperm nucleus were
observed, likely owing in part to the inability of the
immature oocyte to reduce the disulfide bridges of
the protamines (Miller and Masui, 1982). Once the
oocytes underwent GVBD, however, the sperm
nucleus underwent a characteristic sequence of
morphological changes. Initially, the chromatin
became dispersed within the ooplasm. By several
hours later, it had condensed into a smaller mass.
Following further incubation, this mass frequently
became resolved into twenty individual chromo-
somes. Thus, the oocyte possessed a capacity to
organize the highly condensed protamine-contain-
ing chromatin of the sperm into chromosome-like
structures in the absence of pronuclear formation or
DNA replication.

Three points emerged from this study. First, the
injtial dispersion and condensation of the sperm
chromatin resembled the early morphological
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changes observed following normal fertilization at
metaphase II (Ecklund and Levine, 1975; Wright
and Longo, 1988). This suggested that the underly-
ing molecular changes might be similar, despite dif-
ferences between the cytoplasms of unactivated
and activated oocytes; for example, the existence of
high and low MPF activity, respectively. Second, a
maximum of three or four sperm could be remod-
elled to metaphasic chromosomes within the cyto-
plasm of a single oocyte, and this number could be
doubled when two oocytes were fused together
and decreased when oocytes were bisected. This
suggested that the re-organization of the sperm
chromatin required an oocyte component whose
supply was limiting. Third, when the GV was
removed from oocytes before insemination, they
were unable to remodel the sperm into metaphasic
chromosomes. Thus, oocyte nuclear factors were
required for this process.

In my laboratory, we have begun to try to iden-
tify the oocyte factors that interact with the sperm
chromatin and mediate its remodeling into meta-
phasic chromosomes. The rationale is that the same
factors will likely also control remodeling into the
male pronucleus following normal fertilization at
metaphase II. To this end, however, it was impor-
tant first to establish that the remodeling of sperm
chromatin in maturing oocyte cytoplasm produced
physiologically relevant chromatin. Since extensive
biochemical analysis is not feasible in the mouse
system, we have analyzed properties of the remod-
eled sperm chromatin. Wafa Harrouk (Harrouk and
Clarke, 1993) showed that a microtubular spindle
typically became associated with remodeled sperm
chromatin, but never with sperm chromatin that
had dispersed but failed to recondense. This
implied that remodeling had altered sperm chrom-
atin in a way that made it competent to attract or
interact appropriately with microtubules. David
McLay (McLay and Clarke, 1997) later showed that
sperm chromatin remodeled in metaphase oocyte
cytoplasm would, upon parthenogenetic activation
of the oocyte, form a pronucleus and undergo DNA
replication. This provided further evidence that the
remodeling of sperm chromatin into metaphasic
chromosomes in maturing oocyte cytoplasm pro-
duces a physiologically relevant structure.

We have recently begun to study the molecular
basis of these morphological changes (McLay and
Clarke, 1997). Using immunofluorescence, prota-
mines can be detected on the dispersed sperm
chromatin but not on the recondensed chromatin.
By contrast, histones H2B and H3 are detectable
only on the recondensed sperm chromatin. Thus,
recondensation appears to be a morphological
marker, indicating that the sperm chromatin has
been organized into a somatic-like structure. When
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protein synthesis is inhibited during maturation,
the chromatin remains in the dispersed condition
and neither H2B nor H3 are detectable. Thus,
assembly of these histones onto sperm chromatin in
the maturing oocyte cytoplasm requires protein
synthesis.

Is it the histones themselves or proteins required
to assemble the histones into chromatin that need
to be made by the maturing oocyte? To study this
question, we injected calf thymus histones into
oocytes and then inseminated them in the presence
of puromycin. Despite the presence of exogenous
histones, the sperm chromatin remained dispersed
and only a weak association of histones with the
chromatin was observed. These results favor the
idea that proteins that assemble the histones into
chromatin need to be synthesized during matura-
tion. They do not rule out that the histone also must
be synthesized during maturation; however, it may
be noted that histone H4 accumulates in growing
oocytes prior to maturation (Wassarman and Mro-
zak, 1981).

One possibility is that these putative histone-
assembly proteins are functionally similar to nucle-
oplasmin, which mediates protamine-histone
exchange in amphibian oocytes (Dilworth et al,
1987; Ohsumi and Katagiri, 1991; Philpott et al,
1991). Nucleoplasmin has not yet been identified in
mammalian oocytes. By RT-PCR analysis of grow-
ing and fully grown oocytes, we have identified
mRNAs corresponding to two nucleoplasmin-
related proteins, known as mNAP-1 (Ito et al, 1996)
and NPM-3 (MacArthur and Shackleford, 1997)
(McLay and Clarke, unpublished). It is possible that
these help to assemble the histones onto the pater-
nal DNA, both in the maturing oocyte and after
normal fertilization at metaphase II. We are cur-
rently testing whether the mRNAs encoding
mNAP-1 and NPM-3 are translated during matura-
tion and whether their depletion will prevent
sperm chromatin remodelling in unactivated and
activated oocyte cytoplasms.

These results suggest that, during meiotic matu-
ration, oocytes synthesize the molecules that will be
used after fertilization to remove the protamines
from the sperm chromatin and assemble histones
and non-histone chromosomal proteins onto the
paternal DNA to produce functional chromatin.
Once present in the cytoplasm, these factors can
function independently of whether the oocyte has
been activated by fertilization. Thus, when sperm
chromatin is exposed either to unactivated or to
activated oocyte cytoplasm, its nuclear membrane
is removed and the protamines are removed as the
chromatin disperses. Histones and other chromatin
components are subsequently assembled onto the
DNA and this chromatin recondenses into a smaller

Nucleo-cytoplasmic interactions in oocytes

553

mass. Only the final step in the remodeling process
depends on the cell-cycle state of the oocyte — in
unactivated oocytes, high MPF activity promotes
resolution of the recondensed mass into individual
metaphase chromosomes; in activated oocytes, the
absence of MPF permits its decondensation to form
the male pronucleus.

Understanding how oocyte cytoplasmic compo-
nents interact with nuclear elements will receive
even more attention following the recent reports
that mammals can be cloned using differentiated
cell nuclei (Campbell et al, 1996, Wilmut et al, 1997,
Wakayama et al, 1998). Although mammalian clon-
ing is currently very inefficient, it is has been
observed that serial nuclear transplantations,
whose effect is to expose the nuclei repeatedly to
oocyte cytoplasm, significantly increase the fre-
quency of development. Earlier studies in amphib-
ians had similarly indicated that conditioning of
differentiated nuclei in oocyte cytoplasm enhanced
their ability to support subsequent embryonic
development (DeBerardino, 1980). These results
strongly suggest that the structure or composition
of the transplanted nuclei are altered during their
residence in the oocyte cytoplasm. But we know
almost nothing of these changes. What proteins, if
any, are added or removed? Do these changes
make the nucleus totipotent? Do specific molecular
characteristics exist that define the totipotent state?
A more complete understanding of the biochemical
modifications that occur in foreign nuclei exposed
to oocyte cytoplasm will be necessary before these
questions may be answered.

In closing, I would like to reflect upon qualities
of Yoshio Masui as a supervisor. I believe that his
primary interest was in nourishing the intellectual
development of the members of his laboratory.
There was no single, large laboratory project, to
which individuals contributed small components.
Rather, Yoshio assigned separate projects, and
expected each student to work alone and to be
responsible for each aspect of the project. This
approach meant also that we were given consider-
able freedom to decide the orientation of the pro-
ject. Of course, he challenged us with questions
about the details of our experiments. But, none of
these questions appropriated the project, which
remained with the student. In addition, Yoshio was
ready to spend his time freely working with us,
whether planning experiments, editing a manu-
script, or discussing a recent paper. From the per-
spective of the student taking the first steps
towards a career in scientific research, what he pro-
vided was a sense of importance. That each student
worked independently inculcated in us a sense of
responsibility for the success of our project and,
when it reached completion, of achievement.
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Yoshio Masui as a supervisor also emphasized
the need to develop and practice scientific skepti-
cism: to try to look beyond the details of the experi-
ments to a philosophical analysis of the assump-
tions that underlay the experimental design and of
the logical implications of the interpretations.
Yoshio regularly demonstrated how one could
bring a set of reasonable assumptions, different
from the authors’, to evaluate an experimental
result and use these to arrive at a conclusion quite
different from that proposed by the authors. I
believe that Yoshio wanted us to learn to uncover
our hidden assumptions, and to understand how
powerfully these assumptions could direct the
experiments we did and limit how we interpreted
the results. As I now supervise my own graduate
students, I often reflect on and try to apply these
qualities of Yoshio Masui as a supervisor. But
beyond this teaching and training, I hope that I can
instill in my students the same fascination with the
egg that Yoshio has given to me.
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