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Cdcé is required for meiotic spindle assembly
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During the maturation of Xenopus oocytes, Cdc6 expression is necessary to establish replication competence to support
early embryonic DNA replication. However, Cdcé6 is expressed before the completion of Ml at a time when its function
as a replication factor is not required, suggesting additional roles for Cdc6 in meiosis. Confocal immunofluorescence
microscopy revealed that Cdc6 protein was distributed around the spindle precursor at the time of germinal vesicle
breakdown (GVBD) and localized to the margin of the nascent spindle early in prometaphase. Cdc6 subsequently
localized to spindle poles in late prometaphase, where it remained until metaphase arrest. Microinjection of antisense
oligonucleotides specific for Cdc6 mRNA disrupted spindle assembly, resulting in defects, including delayed spindle
assembly, misoriented and unattached anaphase spindles, monasters, multiple spindles, microtubule aggregates
associated with condensed chromosomes, or the absence of recognizable spindle-like structures, depending on the
level of residual Cdc6 expression. Furthermore, Cdc6 co-localized with y-tubulin in centrosomes during interphase in all
somatic cells analyzed and associated with spindle poles in mitotic COS cells. Our data suggest a role for Cdcé6 in spindle
formation in addition to its role as a DNA replication factor.

Introduction

Meiosis is a reductional division that generates haploid gametes
from diploid germ cells. This reduction in chromosome number
is achieved by one round of replication followed by two succes-
sive divisions."? During oocyte formation, this process is not only
discontinuous, but also lacks checkpoints. Such characteristics
pose challenges to produce healthy functional oocytes without
genomic defects. The lack of checkpoints, which allows oocytes
with misaligned chromosomes to proceed through meiosis,
certainly contributes to the high occurrence of improper chro-
mosome segregation in human females, resulting in genetic dis-
orders and spontaneous abortions. However, insights into the
mechanisms that drive the meiotic cell cycle would be helpful to
further the understanding of such problems.

To form a functional oocyte that can support early embryonic
cell cycles after fertilization, three tasks must be achieved dur-
ing meiosis: (1) the establishment and maintenance of replica-
tion competence; (2) the inhibition of DNA replication between
successive meiotic divisions and (3) the achievement of proper
chromosome segregation.

The establishment and maintenance of replication compe-
tence during oocytes maturation has been well studied over the
past two decades. These studies have confirmed the fluctuation
in replication competence during meiosis and its dependence on
the expression of the pre-replication complex (pre-RC) protein

Cdc6.*7 In G, arrest, when oocytes lack replication competence,
Cdc6 protein is absent. As soon as oocytes re-enter meiosis, Cdc6
protein synthesis is resumed, leading to the restoration of repli-
cation competence, intriguingly before the completion of M1.57
While replication competence is acquired early during the
meiotic process, it must be repressed during the remainder of mei-
osis (especially between the two meiotic divisions),*!° as it is only
necessary after fertilization to support the early embryonic cell
cycle. The early expression of Cdc6, at a time when its function
as a replication factor is not required, suggests that Cdc6 might
possess additional meiotic roles such as being involved in meiotic
division or chromosome segregation. Several results support this
hypothesis. First, when Cdc6 is overexpressed in CHO cells, it
localizes to the entire spindle apparatus."” Second, mouse oocytes
lacking Cdc6 showed abnormal spindle formation.’? Third,
several replication factors have other roles during the cell cycle
besides their involvement in DNA synthesis.!*'® For instance,
ORC subunits and geminin have been implicated in chromo-
some segregation, cytokinesis and centrosome duplication.””*?
For this report, we used confocal immunofluorescence micros-
copy to examine the distribution of Cdc6 during the maturation
of Xenopus oocytes. Cdc6 protein is diffusely distributed around
the spindle precursor and localized to the poles of both MI and
MII spindles. Furthermore, we used an antisense oligonucle-
otide approach to inhibit Cdc6 expression and studied its effect
on spindle formation. Lower level of Cdc6 expression, disrupted
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Figure 1. Cdc6 is localized to spindle poles in MI. Stage VI oocytes were treated with progesterone to induce maturation, and samples were collected
at various time and processed for immunofluorescence. Oocytes were stained for a tubulin (red), Cdc6 (green) and DNA (blue). Grey arrow in (D) in-
dicates the animal cortex. Grey arrow in panel f indicates the first polar body and green arrow indicates the second meiotic spindle precursor. Image

scale: 140 wm (A), 80 pwm (B), 40-50 pm (C-F).

spindle assembly, resulting in abnormal spindle phenotypes such
as delayed spindle assembly, misoriented and unattached ana-
phase spindles, monasters, multiple spindles, microtubule aggre-
gates associated with condensed chromosomes, and the absence
of any spindle-like structure. These phenotypes suggest that dur-
ing meiosis, Cdc6 is required for spindle assembly and may also
play a role in cytokinesis and extrusion of the first polar body.
Finally, we also examined the distribution of Cdc6 in a variety
of cultured mammalian cells, observing that Cdc6 co-localizes
with y-tubulin in centrosomes during interphase and associates
with spindle poles during mitosis in COS 7 cells. Our data sug-
gest that, in addition to its role as a DNA replication factor, Cdc6
plays an important role in spindle assembly or organization.

Results

Cdc6 protein is associated with meiotic spindle poles during
maturation. To test if endogenous Cdc6 protein is involved in
meiotic spindle formation we used confocal immunofluorescence
microscopy to examine its distribution during meiotic maturation
of Xenopus oocytes. Stage VI oocytes that underwent matura-
tion after progesterone treatment were fixed in formaldehyde-
glutaraldehyde-taxol (FGT) at various times. Depending on the
course of maturation oocytes were bisected either transversely or
longitudinally to observe MI and MII spindles.
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At the onset of GVBD, Xenopus oocytes assemble a novel
MTOC transient microtubule array (MTOC-TMA) that serves
as the precursor for the first meiotic spindle?® (Fig. 1A, red).
Staining with anti-Cdc6 was diffusely distributed around this
spindle precursor, but did not localize to the microtubules of the
MTOC-TMA itself (Fig. 1A, green). In deeper sections a faint
Cdc6 staining was also found at the base of the MTOC-TMA
(data not shown). In early prometaphase (between 0 and 15 min
post-GVBD), barrel-shaped microtubule arrays were observed to
surround condensed chromosomes (Fig. 1B, red and blue). Cdc6
protein was present along the entire outer margin of these early
spindles (Fig. 1B, green). Between 30 and 60 min post-GVBD,
tubulin staining revealed the presence of organized late prometa-
phase spindles (Fig. 1C, red) containing condensed chromosomes
(Fig. 1C, blue). At this stage, Cdc6 protein localized predomi-
nantly to the spindle poles, forming a cap-like structure at both
ends. The signal for Cdc6 was higher at the animal end of the
spindle than at the vegetal end (Fig. 1C, green). This differential
Cdc6 staining between the animal and vegetal spindle poles was
prominent at prometaphase, metaphase, anaphase and telophase
of meiosis I, indicating that this was not an artifact related to
spindle orientation. Between 60 and 90 min post-GVBD, we
noticed spindles (Fig. 1D, red) with chromosomes aligned at the
metaphase plate (Fig. 1D, blue). While at this time Cdc6 con-
tinued to localize to spindle poles (Fig. 1D, green), the cap-like
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structure faded, and Cdc6 stained a locus with high intensity at
the animal spindle pole close to the spindle attachment site, sug-
gesting its involvement in spindle attachment to the animal cor-
tex. In contrast, Cdc6 staining was weaker and more diffuse at
the spindle pole facing the vegetal cortex. Later, between 105 and
120 min after maturation, tubulin staining revealed the presence
of elongated anaphase spindles with one set of chromosomes
migrating toward each pole (Fig. 1E, red and blue). During this
time, Cdc6 localization at the spindle poles was similar to that
observed in metaphase spindles (Fig. 1E, green). During telo-
phase/cytokinesis (from 120 to 135 min, Fig. 1F), one spindle
pole attached to the animal cortex and one set of chromosomes
along with Cdc6 was extruded as the first polar body (Fig. 1F,
grey arrow). The other spindle pole, facing the vegetal cortex
(Fig. 1F, green arrow) retained a diffuse Cdc6 staining within a
mass of tubulin associated to the other set of chromosomes that
will serve as a precursor for the assembly of the second meiotic
spindle.

Cdc6 localization during meiosis II was similar to that
observed during meiosis I. Cdc6 stained the outer margins of
the spindles in early prometaphase II (Fig. 2A, green) and both
spindle poles from late prometaphase II through metaphase
(Fig. 2B and C, respectively). The majority of the metaphase II
spindles we observed also displayed a stronger Cdc6 staining at
the pole that was attached to the animal cortex (Fig. S1). Overall
the localization of Cdc6 to spindles and spindle poles during MI
and MII suggested that Cdc6 might play roles in meiotic spindle
assembly and attachment to the animal cortex.

Inhibition of Cdc6 function disrupts meiotic spindle assem-
bly. To test more directly if Cdc6 protein is required for spindle
assembly, we microinjected oocytes with oligonucleotides spe-
cific for Cdc6 mRNA and anti-Cdc6 antibodies to deplete both
Cdc6 mRNA and protein prior to inducing oocyte maturation
with progesterone. The Cdc6 antisense oligonucleotides used in
our study has previously been shown to specifically knockdown
Cdc6 mRNA and thus Cdc6 protein in Xenopus oocytes.® The
specificity of Cdc6 antisense oligonucleotides to inhibit Cdc6
protein expression during maturation was further confirmed by
protein gel blot analysis (Fig. S2). Oocytes were first injected
with 70 to 90 ng of Cdc6 antisense or non-specific control oligo-
nucleotides and spindle structure was studied throughout matu-
ration. This amount of antisense oligonucleotide was chosen as it
was slightly above the one that resulted in about 95% inhibition
of Cdc6 expression as determined by protein gel blot analysis
(Fig. S2).

In early MI (0-45 min after GVBD), more than 80% of
oocytes injected with antisense oligonucleotides had hollow
appearing microtubule monasters with attached chromosomes
(Fig. 3A and Ba). In late MI and early MII (90 to 160 min after
GVBD), 30 to 40% of the oocytes still had monasters while the
rest exhibited spindles which had an abnormal orientation or a
delayed development (Fig. 3A). For example between 90-105
min after GVBD, oocytes injected with antisense had trans-
versely oriented prometaphase like spindles while control samples
had perpendicularly oriented spindles attached to the animal cor-
tex (data not shown). By the time control oocytes reached MI
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Figure 2. Cdcé6 localizes to spindle poles in Mll. Stage VI oocytes were
treated with progesterone to induce maturation, and samples were col-
lected at various time and processed for immunofluorescence. Samples
were stained for « tubulin (red), Cdc6 (green) and DNA (blue). Image
scale: 90 pm.

cytokinesis and ejected their first polar body (between 120-135
min post-GVBD), the spindles of oocytes injected with antisense
oligonucleotides were still oriented transverse to the animal-vege-
tal axis or aligned with the animal-vegetal axis but unattached to
the animal cortex (Fig. 3A and Bb). First polar bodies were never
found associated with these misoriented or unattached spindles.

All oocytes injected with 70 to 90 ng antisense oligonucle-
otides displayed weak Cdc6 staining indicating that this amount
of oligonucleotides was unable to completely block Cdc6 expres-
sion during maturation, despite the fact that the protein was
undetectable by protein gel blot analysis (Fig. S2). The small
amount of Cdc6 expressed was found in the center of the hol-
low microtubule monasters or at the poles of abnormal spindles.
The spindle defects observed when Cdc6 expression is signifi-
cantly reduced suggested that Cdc6 is required for proper spindle
assembly, rotation and attachment to the animal cortex during
maturation of Xenopus oocytes.

In an effort to tighten the inhibition of Cdc6 synthesis during
maturation, we increased the amount of antisense or non-specific
control oligonucleotides (ranging from 110-210 ng) injected
into stage VI oocytes along with a constant amount of Cdc6
or control IgG antibody. Injected oocytes were then induced to
enter maturation and fixed in FGT during MI (mostly between
30—60 min post-GVBD).
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Figure 3. Inhibition of Cdc6 during maturation leads to delayed spindle assembly. Stage VI oocytes were injected with 70-90 ng of Cdc6 antisense

or control non-specific oligonucleotides and treated with progesterone to induce maturation, and samples were fixed at various times and stained

for a tubulin (red), Cdc6 (green) and DNA (blue). (A) Plot represents the % of oocytes with monasters or abnormal spindles (delayed spindles with
abnormal or normal morphology) at indicated time during maturation. [B(a)] Monaster formation in Cdc6 antisense injected oocyte during Ml (refer to
Fig. 1C for control/normal spindle at this time). [B(b)] An unattached anaphase/telophase spindle seen at 135 min post-GVBD (refer to Fig. 1E and F for

control/normal spindle phenotype at this time). Image scale: 70 pm.

More than 95% of the oocytes injected with 110 ng to 170
ng of antisense oligonucleotide exhibited abnormal MI spindles.
On the other hand, all the non-specific oligonucleotide-injected
oocytes had normal MI spindles. Cdc6 antisense-injected oocytes
displayed an assortment of defects such as the presence of mul-
tiple, tripolar or tetrapolar spindles as well as fused or elongated/
distorted spindles (Fig. 4A—C). While the residual Cdc6 protein
expressed in the antisense injected oocytes was found at the pole
of the abnormal spindles or MTOC, it was insufficient to promote
normal spindle assembly. For instance, when oocytes had two
spindles, both showed very weak Cdc6 protein staining at their
poles in comparison to control spindles (compare Fig. 4A and
E). In addition, while these spindles were associated with con-
densed chromosomes they were of unequal size (Fig. 4A). When
we observed tripolar spindles, weak Cdc6 staining was associ-
ated with the two major poles as well as the minor pole (Fig.
4B). When the spindles were either distorted or elongated, Cdc6
stained weakly the center of the spindle mass and ran as a “streak”
from one end of the spindle to the other (Fig. 4C). In addition a
tiny bright Cdc6 foci appeared to be associated with the poles of
this distorted spindle. This structure may represent a large pseu-
dolinear MTOC with Cdc6 in the middle. In this range of oli-

gonucleotide concentrations (110 to 170 ng) we also found a few
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tetrapolar or fused spindles with condensed chromosomes (data
not shown). Later on during meiosis I, none of these abnormal
spindles exhibited proper orientation or attachment to the cortex
and no polar bodies were found (data not shown). At a higher
range (between 190 ng and 210 ng) of antisense oligonucleotides,
instead of a spindle, we noticed a round tubulin mass associated
with condensed chromosomes that had a negligible amount of
Cdc6 protein in its center (Fig. 4D). This tubulin structure or
very early/primitive MTOC was incapable of spindle assembly.
When the antisense concentration was increased further (above
210 ng), we were unable to detect any tubulin array associated
with condensed chromosomes or Cdc6 staining, while control
oocytes displayed normal spindles confirming that the observed
spindle defects are not an artifact of high amount of oligonucle-
otide injection (Fig. 4E). Altogether, our results support the idea
that Cdc6 is required for meiotic spindle assembly and therefore
chromosome segregation.

Cdc6 co-localizes with y-tubulin at interphase centrosomes
of mammalian cells. The phenotypes observed in this study
(formation of multiple spindles and defective spindle assembly)
are often attributed to centrosomal defects during mitosis. As
oocytes utilize acentriolar centrosome for spindle assembly, we
were prompted to check the association of Cdc6 with interphase
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Figure 4. Inhibition of Cdc6 during maturation causes abnormal spindle assembly. Stage VI oocytes were injected with various concentrations of
Cdc6 antisense or control non-specific oligonucleotides, treated with progesterone to induce maturation and samples were collected during early Ml
(between 30-60 min post-GVBD) and stained for « tubulin (red), Cdc6 (green) and DNA (blue). (A and B) At 110-150 ng of antisense injection, multiple
spindles, tripolar spindles were noted. (C and D) At 170-190 ng of antisense injection, elongated, distorted spindle-like structure or tubulin mass at-
tached with condensed chromosomes were seen. (E) Control non-specific oligonucleotides injected (210 ng) oocytes had normal prometaphase Ml

spindle. Image scale: 65-70 pwm.

centrosomes, mitotic poles and spindles during somatic cell divi-
sion. To this end, we fixed cells from a variety of established cell
lines in either paraformaldehyde or cold methanol and immunos-
tained them for Cdc6, along with either a or y-tubulin. In all cell
lines examined, Cdc6 is localized at the centrosome during inter-
phase (Figs. 5 and S3). In some cells Cdc6 was represented by
one punctum and in other cells by two, while y-tubulin always
appeared as two punctae, reflecting the mother-daughter pair of
centrioles. In all cases, Cdc6 overlapped with at least one of the
two y-tubulin punctae (Figs. 5 and S3).

Although in COS-7 cells Cdc6 co-stained consistently with
y-tubulin at mitotic poles (Fig. S4), this was not the case in the
other cell lines tested. For these other cell types, staining was
variably strong or weak, sometimes staining multiple punctae
and at other times staining homogeneously weakly.

Discussion

Cdc6 is a component of the pre-replication complex whose assem-
bly is required for initiation of DNA replication in eukaryotes.
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Here we show that during Xenopus oocyte maturation, Cdc6
is also required for the proper assembly and orientation of the
meiotic spindles as well as their attachment to the oocyte cor-
tex. Decreased Cdc6 expression resulted in abnormal or lack of
spindle, which impacted the cytokinesis process.

In Xenopus, like other animals, female meiosis is character-
ized by two consecutive asymmetric cell divisions and the pres-
ence of meiotic spindles that do not contain centrioles at their
poles. The assembly and organization of the meiotic spindles is
a complex process that includes distinct steps and varies slightly
among species.”*? In Xenopus oocytes, MI spindle assembly first
requires the formation and compaction of the MTOC-TMA that
gathers and transports the condensed chromosomes to the ani-
mal cortex. The MTOC-TMA then serves as a precursor for the
bipolar spindle, which assembles and elongates during prometa-
phase such that its axis is transverse to the animal-vegetal axis of
the oocytes. Finally, during late prometaphase, the spindle starts
to rotate, aligning its axis with the animal-vegetal axis. Complete
spindle rotation is achieved by the time of metaphase and is fol-
lowed by the attachment of one spindle pole to the animal cortex
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Figure 5. Cdc6 co-localizes with y-tubulin at interphase centrosomes of mammalian cells. Affinity-purified antibodies to Cdc6 protein stain puncta
at the perinuclear focus of microtubule staining (the centrosome) in a variety of mammalian cell lines, including HeLa cells [shown here in (B)]. At
either lower (B) or higher (C) magnification, the colocalization of Cdc6 with one (or sometimes both) puncta of centrosomes (stained with antibodies
to gamma tubulin) is observed. Cdc6 stained red; y-tubulin (C) or a-tubulin (B) stained green, and DNA stained blue with Hoechst. (A) is the phase
contrast image of Hela cells. Scale bars in (A and B =5 micron) and (C = 1 micron).

in preparation for the first polar body expulsion. A similar assem-
bly process is repeated during meiosis I1.%

The localization of Cdc6 during oocytes maturation is remi-
niscent of the one previously observed for centrosomal proteins®*-°
and in particular for NuMA, a nuclear protein that accumulates
at the spindle poles during mitosis and meiosis.” Like NuMA,
Cdc6 was found associated to the MTOC-TMA that is consid-
ered the meiotic counterpart to the mitotic centrosome. Both
proteins are first localized around the compacted MTOC-TMA
and then redistributed to the poles of the first meiotic spindle.
Various evidences indicate that NuMA is required during mei-
otic maturation and that its accurate translocation to the pole is
not only dependent on cytoplasmic dynein, but is critical to the
establishment of functional spindle poles.”® Similarities between
NuMA and Cdc6 localization and the fact that decreased Cdc6
expression results in improper spindle assembly leads us to believe
that Cdc6 may participate with NuMA in the establishment and
maintenance of the spindle poles during meiosis.

A number of studies in different organisms reveal the presence
of an evolutionary conserved mechanism in which the polarized
localization of NuMA to the cell cortex is required for mitotic
spindle positioning and asymmetric cell division observed dur-
ing development.* Furthermore, a recent study in C. elegans
established a role for CDK-1 as an inhibitor of meiotic spindle
rotation and proposed a model in which Cdk-1 inhibits cytoplas-
mic dynein activity by preventing its interaction with LIN-5, a
NuMA ortholog.?* While the preferred localization of a subset
of NuMA to the meiotic spindle attached to the animal cortex is
unknown, our results identify Cdc6 as the first molecular marker
that displays such asymmetric pole localization at the time of
spindle rotation and attachment to the oocyte’s animal cortex.
Our data also indicate that the requirement of Cdc6 for spindle
rotation and attachment is the most sensitive to Cdc6 depletion.
Indeed, misoriented and unattached spindles were observed in
oocytes injected with the lowest amounts of Cdc6 antisense
oligonucleotides. Similar phenotypic defects involving delayed
spindle assembly, monasters and transversely oriented anaphase
or telophase spindles were previously observed in oocytes under-
going maturation in the presence of cytochalasin B, an inhibitor
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of actin polymerization.* While Cdc6 may interact with F-actin
at the spindle attachment site, we believe that Cdc6 localization
to the spindle pole and its requirement for the proper orienta-
tion of the meiotic spindle is most likely to depend on a direct
or indirect association with NuMA and thereby the activity of
cytoplasmic dynein, a minus end directed microtubule motor.
In this regard, it is interesting to note that the requirement of
Cdc6 for cytokinesis during the mitotic cell cycle has been linked
to its ability to inhibit CDK-1 activity.**® As CDK-1 prevents
dynein-dependent spindle rotation during meiosis in C. elegans,
one could imagine that Cdc6’s role at the spindle pole is to locally
regulate CDK-1 activity and promote dynein dependent rotation
and attachment of the spindle leading to the successful expulsion
of the polar body.

More severe defects in spindle assembly required the injec-
tion of higher amount of Cdc6 antisense oligonucleotides. These
defects included the presence of more than one spindle, tripo-
lar spindles, monasters or linear MTOC-TMA. At the highest
concentration of Cdc6 antisense oligonucleotides, oocytes had
no spindles or microtubule structure associated to chromosomes.
Similar phenotypes were observed when antibodies against
NuMA or cytoplasmic dynein were injected into oocytes during
maturation.”” The presence of more than one bipolar spindle in
Cdc6-depleted samples in MI may have resulted from the split-
ting of the MTOC-TMA.? Further, monasters associated with
chromosomes perhaps represent a very eatly or deformed MTOC-
TMA, which is incapable of spindle assembly.?” Together, our
data clearly indicate the necessity of Cdc6 for the proper assem-
bly and maintenance of MTOC during meiosis.

In somatic cells, many centrosomal proteins localize to spindle
poles during mitosis. While we were able to reveal the presence of
Cdcb6 at centrosomes in several cell lines, our results for mitotic
cells were more equivocal. Yim and Erikson reported that Cdc6
localizes to spindle poles in HelLa cells.® Our results for this cell
line varied, with Cdc6 staining mitotic poles both weakly and
occasionally. This discrepancy may stem from different antibod-
ies used or differing experimental conditions.

Many proteins that form the components of mitotic centro-
somes are also constituents of MTOC-TMA formed in meiosis.
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We show that Cdc6 is yet another such protein and this finding
strengthens the idea that the MTOC-TMA is a functional substi-
tute for centrosomes in acentrosomal cells like oocytes. Further,
major regulatory mechanisms that ensure precision of replica-
tion and chromosome segregation during cell division are similar
between mitosis and meiosis. Therefore it is possible that during
mitosis, Cdc6 localized at the centrosomes may be required for
the maintenance and proper duplication of centrosome to pre-
vent multipolar spindle formation and aberrant chromosome
segregation.

Besides Cdc6, several other replication initiation factors like
MCMs, ORCs and geminin are associated with centrosomes and
play a role in chromosome segregation during mitosis.'>!7-»36-38
Depletion of some of these factors have resulted in mitotic abnor-
malities like multinucleated cells or fused cells, suggesting an
effect on cytokinesis. In addition, ORC and geminin-depleted
cells also showed abnormal centrosome duplication and con-
versely, their overexpression prevented centrosome duplication in
the presence of hydroxyuridine. Therefore, pre-RC proteins may
be involved in restricting centrosome duplication to only once per
cell cycle similar to DNA replication. In light of these findings,
certainly it will be worth understanding if other pre-RC compo-
nents like MCMs, ORCs, Cdtl and Geminin are also associated
with either MTOC-TMA or spindle poles during meiosis. Such
a study will shed light on mechanisms that facilitate centrosomal
and acentrosomal mediated spindle assembly.

In conclusion, this study has revealed yet another impor-
tant function for a DNA replication initiation factor, Cdc6, in
chromosome segregation. This finding along with other reports
support the idea that replication factors not only ensure that the
genetic information is precisely duplicated only once per cell
cycle, but are equally important to ensure that the duplicated
information is precisely passed on to the next generation, thus
making them indispensible for both S and M phases of the cell
cycle. In mitosis, such a function is necessary to maintain proper
functioning of the organism and to prevent serious diseases like
cancer, while in meiosis, passing on the precise copy and number
of the blueprint is necessary for species propagation.

Materials and Methods

Xenopus oocyte isolation and microinjection. Stage VI
oocytes were obtained from Xenopus ovary fragments treated
with 2 mg/ml collagenase to remove follicle cells, as previously
described in reference 5. At the region between animal and vege-
tal hemispheres, stage VI oocytes were microinjected with a cock-
tail of Cdc6 antibodies and Cdc6 antisense oligonucleotides. For
control samples, a cocktail of nonspecific oligonucleotides and
rabbit IgGs were injected. After injection oocytes were incubated
for 4 h in Modified Barth’s Saline [MBS: 88 mM NaCl, 1 mM
KCl, 0.91 mM CaCl, 0.33 mM Ca(N03),, 0.82 mM MgS0,,
2.4 mM NaHCO,, 10 mM Hepes, pH 7.5]. The phosphorothio-
ate Cdc6 antisense 5-C*T *T* TGC GAG ACT GCT TGG
G*T *G* G-3' and control/non specific oligonucleotide sequences
5-C*C *T* CTT ACC TCA GTT ACA A*T *T* T-3' were
slightly modified based on the sequences described previously

530 Cell Cycle

in reference 6 and 39. Rabbit-Cdc6 antibodies were elicited and
purified as described previously in reference 5. Control rabbit
IgGs were purchased from Santa Cruz Biotechnology.

Confocal immunofluorescence microscopy. After microin-
jection, oocytes were induced to undergo meiotic maturation
with progesterone. Samples were collected at regular intervals
and association of Cdc6 with the spindle was studied by con-
focal immnunofluorescence microscopy. Oocytes were prepared
for confocal microscopy as described previously in reference 40.
Briefly, oocytes were fixed at room temperature in formaldehyde-
glutaraldehyde-taxol (FGT) buffer (80 mM K pipes, 1 mM
MgCl,, 5 mM EGTA, 0.2% Triton X-100 (W/V), 3.7% para-
formaldehyde (W/V), 0.25% glutaraldehyde (W/V) and 0.5 uM
taxol) followed by an overnight postfixation in 100% methanol
at room temperature. For Cdc6 staining, affinity-purified, poly-
clonal Cdc6 antibodies were used at 1:50 dilution. Spindles were
stained with monoclonal antibodies to tyrosinated a-tubulin
(clone YL1/2; Accurate Chemical and Scientific Corp.) at 1:100
dilution. Chromosomes were stained with TO-PRO-3 (Molecular
Probes Inc.). Images were collected using BioRad 700M upright
laser confocal microscope. Post-image processing was performed
using the LSM software.

Immunofluorescence of mammalian cell lines. A variety
of mammalian cell lines, including COS-7 (epithelial), HelLa
(epithelial), 3T3 (fibroblast) and H9C, (undifferentiated myo-
blast), were analyzed for the presence and localization of Cdc6
protein in both interphase and mitotic cells. Cells were grown in
DMEM plus 10% (V/V) FBS on glass coverslips for several days
and then fixed in either freshly made formaldehyde [4% W/V in
PHEM buffer (0.06 M PIPES, 0.025 M HEPES, pH 6.95, 10
mM EGTA, 2 mM MgSO,)] or ice-cold methanol containing
5 mM EGTA. After detergent extraction of the formaldehyde-
fixed cells, cells on coverslips were blocked for 45 min (37°C)
in PBS containing 5% (V/V) normal goat serum. Cells were
then immunostained for Cdc6 protein using the affinity-puri-
fied, polyclonal antibodies named above and monoclonal anti-
bodies to either y-tubulin (clone GTU-88) or the microtubule
array (clone B5-1-2). Cells were counterstained for DNA with
Hoechst 33,342. Images were recorded using an Axiovert 135
TV microscope (Carl Zeiss, Inc.) and a Photometrics Sensys
camera (Roper Scientific).
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