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SUMMARY

Accurate chromosome segregation is dependent on the formation and stability of the microtubule
spindle apparatus. Meiotic spindle assembly in oocytes differs from the process used during
mitosis, and is regulated by unique microtubule organizing centers (MTOCS) that lack centrioles.
To gain insight into the molecular composition and function of acentriolar MTOCs in mouse
oocytes, we assessed the role of a key MTOC-associated protein, pericentrin (PCNT). In somatic
cells, pericentrin functions as a scaffold that binds specific proteins at MTOCs, including vy-
tubulin, which is necessary for microtubule nucleation. Pericentrin is expressed in oocytes, but the
conservation of its function is not known. Pericentrin localizes specifically to MTOCs during
prophase-I arrest in mouse oocytes recovered from pre-ovulatory ovarian follicles, and remains
associated with MTOC:s at spindle poles during metaphase-1 and -11. To test function, specific
SiRNAs were used to knockdown Pcnt transcripts in mouse oocytes. Efficient protein depletion
was confirmed by Western blot as well as immunofluorescence analysis. Notably, meiotic spindle
structure and chromosome alignment were disrupted in Pcnt-depleted oocytes. Disorganized
spindle structures with reduced microtubule density and misaligned chromosomes were observed
in the majority of these oocytes (~70%). In addition, y-tubulin localization to MTOCs was
significantly reduced and microtubule regrowth, following cold treatment, was delayed in Pcnt-
depleted oocytes. Thus, pericentrin is a key functional component of the unique acentriolar
MTOCs of mouse oocytes, and plays an important role in regulating meiotic spindle assembly
and/or stability.
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INTRODUCTION

Errors in chromosome segregation during meiotic division can disrupt genomic stability in
gametes prior to fertilization, leading to aneuploidy — a leading cause of congenital birth
defects and pregnancy loss in women. Studies indicate that approximately 7-10% of
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clinically recognized pregnancies are aneuploid owing to meiotic errors that occur
predominantly during the first meiotic division in oocytes. Moreover, the rates of aneuploidy
rise significantly with increasing maternal age (Hassold and Hunt, 2001; Nagaoka et al.,
2012). Accurate chromosome segregation is critically dependent on the formation and
stability of the microtubule spindle apparatus, yet the molecular mechanisms that regulate
meiotic spindle assembly and organization in mammalian oocytes are not well defined.

In somatic cells, mitotic spindle assembly is regulated by centrosomes, which function as the
primary microtubule organizing centers (MTOCSs). Centrosomes are non-membrane bound
organelles, typically composed of two centrioles surrounded by a protein matrix of
pericentriolar material (PCM). Centrioles reportedly maintain centrosome structure integrity
and are also essential for flagella and cilia formation, while the PCM provides microtubule
nucleating and anchoring activities (Wiese and Zheng, 2006; Nigg and Raff, 2009).
Intriguingly, mammalian oocytes contain unique MTOCs composed of essential
pericentriolar matrix proteins, including y-tubulin for microtubule formation, but lack
centrioles (Gueth-Hallonet et al., 1993; Manandhar et al., 2005). Initial electron-microscopy
analysis demonstrated that centrioles are present in oogonia and fetal oocytes only up to the
pachytene stage (Szollosi et al., 1972), thus centrioles are absent during meiotic division in
oocytes. It is only at the time of fertilization that sperm-associated centrioles are
reintroduced into the oocyte in most species. In mice, the sperm centriole degrades during
fertilization and de novo assembly of centrioles is observed in the early pre-implantation
embryo (Gueth-Hallonet et al., 1993; Manandhar et al., 2005).

The acentriolar MTOCs in pre-ovulatory oocytes have been described as aggregates, or foci,
of PCM that can nucleate microtubules (Maro et al., 1985; Combelles and Albertini, 2001).
A single MTOC is normally detected in pre-ovulatory oocytes arrested at prophase-1. But,
upon resumption of meiosis, multiple small MTOCs form in the oocyte cytoplasm and in
close proximity to the oocyte nucleus (Can et al., 2003; Schuh and Ellenberg, 2007; Ma et
al., 2010; Luksza et al., 2013). These newly formed perinuclear MTOCs nucleate spindle
microtubules and label positively with antibodies that detect key proteins such as y-tubulin
as well as pericentrin. As oocytes progress to prometaphase-1, a dense microtubule array
forms and gradually self organizes into a bipolar (barrel-shaped) meiotic spindle (Combelles
and Albertini, 2001; Schuh and Ellenberg, 2007; Schatten and Sun, 2011). During
metaphase-I and -11, the chromosomes congress to form a metaphase plate with MTOCs
localized at both spindle poles in an “O-" or “C-" shaped configuration (Carabatsos et al.,
2000; Ma et al., 2010). Currently, the molecular processes that regulate the localization and
accumulation of PCM proteins for the formation and function of oocyte MTOCs are not well
understood.

To gain insight into the molecular composition and function of acentriolar MTOCs in pre-
ovulatory mouse oocytes, we assessed the role of the crucial protein pericentrin. Pericentrin
is characterized by a large coil-coiled domain, and is considered an essential scaffolding
protein that binds and anchors other proteins at the centrosome in somatic cells. It is an
integral centrosome-associated protein that localizes to the PCM, where it interacts with
additional proteins, including y-tubulin (Zimmerman et al., 2004; Lee and Rhee, 2011; Kim
and Rhee, 2014). Pericentrin depletion disrupts spindle microtubule organization and
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reduces y-tubulin expression at centrosomes during mitosis (Zimmerman et al., 2004).
Recent studies also demonstrate that pericentrin plays a key role in centrosome assembly
and higher-order organization of the PCM (Lawo et al., 2012; Mennella et al., 2012; Kim
and Rhee, 2014). Pericentrin is highly conserved across species; in mouse oocytes, it
localizes specifically to MTOCSs during meiotic maturation (Carabatsos et al., 2000; Schuh
and Ellenberg, 2007; tuksza et al., 2013). While its function in oocytes is not well-defined,
our previous studies indicate that pericentrin likely plays an important role in MTOC
composition and function, as it is essential for the accumulation of key proteins, such as
NEDD1 (neural precursor cell expressed developmentally down regulated protein 1), at
oocyte MTOCs (Ma et al., 2010). Identifying and testing the function of the fundamental
components of MTOCs in mammalian oocytes is crucial for an increased understanding of
the underlying molecular mechanisms that control meiotic spindle assembly, which is
essential for accurate chromosome segregation. In the current study, we test pericentrin
function in oocytes by knockdown of pericentin (Pcnt) transcript levels using specific
siRNASs and subsequent evaluation of its impact on meiotic spindle assembly and stability.

Pericentrin Localizes to MTOCs in Oocytes During Meiotic Division

The subcellular distribution of pericentrin was assessed by immunofluorescence during
meiotic division, and evaluated in relation to spindle assembly. Pre-ovulatory oocytes
arrested at prophase-1 (the germinal vesicle stage) exhibited an intact nuclear membrane and
a dense cytoplasmic microtubule network (Fig. 1A, a—d). A clear pericentrin signal was
detected at a single MTOC (Fig. 1A, c) near the oocyte cortex. Consistent with previous
studies, as oocytes resumed meiosis and progressed to prometaphase, the cytoplasmic
microtubules depolymerized and multiple discrete foci, labeled with pericentrin
(corresponding to MTOCS), were detected around the condensing chromosomes and newly
forming spindle microtubule array (Fig. 1A, e-h). During metaphase-I and -1, pericentrin
specifically localized to the MTOCs at meiotic spindle poles (Fig, 1A, i—p) as well as at
discrete foci distributed in the cytoplasm. Notably, y-tubulin (Fig. 1B) localized both along
the spindle microtubules as well as to MTOCs at the spindle poles. Pericentrin co-localized
with y-tubulin at spindle-pole MTOCs (Fig. 1B, c), yet there was no apparent pericentrin
staining along spindle microtubules.

Efficient Depletion of Pericentrin

To test function, Pcnt transcripts were knocked down in oocytes using specific SIRNAs
directed against the mouse coding sequence. Both, immunofluorescence and Western blot
analysis revealed efficient protein depletion in the Pcnt siRNA group (Fig. 2). The majority
of oocytes injected with Pcnt siRNAs failed to express pericentrin at the meiotic spindle
poles (Fig. 2A). Less than 15% of oocytes injected with Pcnt siRNAs contained MTOCs
that labeled with anti-pericentrin, compared to over 85% of control oocytes. Moreover,
pericentrin levels were significantly reduced in total-protein extracts from oocytes injected
with Pcnt-specific SiIRNAs relative to the uninjected and control siRNA groups (Fig. 2B).
Re-probing the same membrane demonstrated equivalent total y-tubulin levels in all groups,
indicating no difference in total-protein levels in each sample. This supports the Pcnt sSiRNA
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knockdown specificity and further demonstrates that total levels of another key MTOC
protein, y-tubulin, are unchanged.

At the end of a 17-hour culture period, DNA configurations were assessed to determine
meiotic maturation rates (Fig. 2C). Over 95% of oocytes resumed meiosis in all groups. In
the control groups, approximately 60% of oocytes progressed to metaphase-Il. In the Pcnt
SiRNA group, however, an increased percentage (P<0.05) of oocytes remained at
metaphase-1, with approximately 38% progressing to metaphase-11.

Disrupted Spindle Structure and Chromosome Alignhment in Pcnt-Depleted Oocytes

Meiotic spindle organization and chromosome alignment were disrupted in Pcnt-depleted
oocytes, as indicated by immunofluorescence labeling of DNA and spindle microtubules
(Fig. 3) with DAPI and anti a-tubulin, respectively. After a 17-hour culture period, the
majority of oocytes from the uninjected and non-specific SiRNA control groups progressed
to metaphase-11 and contained organized (barrel-shaped) meiotic spindles with aligned
chromosomes and clear pericentrin labeling at both spindle poles (Fig. 3A, a—d). In contrast,
many oocytes (approximately 62%) from the Pcnt siRNA group remained at metaphase-I
and lacked organized spindle structures (Fig. 3B). Disrupted spindle organization was also
observed in the Pcnt-depleted oocytes that reached metaphase-11 (Fig. 3A, i-I). Broader and
shorter spindle structures with significant chromosome misalignment were commonly
observed. Moreover, the spindles were characterized by weak labeling with anti a-tubulin
antibodies. Quantitative analysis revealed significantly lower relative fluorescence intensity
(Fig. 3C), indicating reduced spindle microtubule density in Pcnt-depleted oocytes.

Reduced y-Tubulin at MTOCs and Delayed Microtubule Regrowth in Pcnt-Depleted

Oocytes

Considering its essential role in microtubule nucleation, we assessed y-tubulin expression in
Pcnt-depleted ooctyes. In the majority of control oocytes (both the uninjected and non-
specific sSiRNA groups), y-tubulin was consistently detected along the spindle microtubules
and co-localized with pericentrin specifically at spindle-pole MTOCs (Fig. 4A, a—d). In
contrast, bright labeling of y-tubulin at MTOCs was only detectable in approximately 10%
of oocytes from the Pcnt-siRNA group (Fig. 4A, e-h). Notably, y-tubulin was markedly
reduced at both the spindle pole and cytoplasmic MTOCs. Yet, y-tubulin labeling was still
observed along the spindle microtubules in the majority (~72%) of these oocytes (Fig. 4A,
e—h), while no discernable y-tubulin was detected at the spindle poles or spindle
microtubules in a smaller percentage (~28% of oocytes) (Fig. 4A, i-l). There was no
difference in total y-tubulin protein levels between the control and Pcnt-siRNA oocyte
groups, as detected by Western blot (Fig. 2A), indicating a specific disruption in the
localization of y-tubulin to oocyte MTOCs.

We also assessed spindle microtubule regrowth, following depolymerization by cold
treatment at 4°C, in control and Pcnt-depleted metaphase-1 oocytes (Fig. 5). The majority of
control oocytes (Fig. 5A, a—c) analyzed after an 8-hour culture period had progressed to
metaphase-1, and contained a bipolar spindle with aligned chromosomes and clear
pericentrin labeling at MTOCSs. Oocyte incubation at 4°C for 1 hour depolymerized all
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detectable spindle microtubules, whereas pericentrin foci were still detected at the poles.
After rewarming at 37°C for 30 minutes, the microtubules reassembled and organized into a
bipolar spindle in the majority of control oocytes (Fig. 5A, a—c). Analysis of the Pcnt-siRNA
group showed that most Pcnt-depleted, metaphase-1 stage oocytes (Fig. 5A, d—f) contained
disrupted spindle structures with misaligned chromosomes after an 8-hour culture period,
which is consistent with our observations after a 17-hour culture period. Cold treatment
depolymerized all detectable microtubules. In contrast to the control group, the majority of
Pcnt-depleted oocytes exhibited only faint labeling with anti a-tubulin after rewarming for
30 minutes, indicating limited or delayed microtubule regrowth.

DISCUSSION

Pericentrin expression at oocyte MTOCSs has been previously reported, however its
functional role had not been tested. In this study we demonstrate that depletion of pericentrin
by siRNAs in vitro significantly disrupts meiotic spindle organization and chromosome
alignment in mouse oocytes. Pcnt-depleted oocytes contained disorganized spindle
structures with reduced microtubule density and highly misaligned chromosomes. Meiotic
spindle disruption was associated with reduced y-tubulin localization at MTOCs and a
diminished capacity of spindle microtubules to regrow after depolymerization. Thus,
pericentrin is a key functional component of the unique acentriolar MTOCs in mouse
oocytes, playing an important role in regulating y-tubulin concentration at MTOCSs that is
essential for microtubule nucleation and meiotic-spindle formation and/or stability.

Pericentrin is a Key Component of Oocyte MTOCs

Consistent with previous studies (Carabatsos et al., 2000; Combelles and Albertini, 2001;
Can et al., 2003; Schuh and Ellenberg, 2007), we show that pericentrin is expressed at
MTOCs in oocytes arrested at prophase-1 as well as during meiotic division. In metaphase-I
and -11-stage oocytes, pericentrin co-localized with y-tubulin at meiotic spindle poles as well
as at discrete foci in the cytoplasm. Cytoplasmic MTOCs were previously identified in
mouse oocytes, and do not appear to contribute to meiotic-spindle formation (Maro et al.,
1985; Schuh and Ellenberg, 2007). y-tubulin was detected both at MTOCs as well as along
the length of meiotic spindle microtubules, yet its co-localization with pericentrin was only
observed at MTOCSs; therefore, the interaction of pericentrin and y-tubulin in oocytes is
likely specific to MTOCs.

Pericentrin has been identified at MTOCs in both growing (Luksza et al., 2013) and fully-
grown, pre-ovulatory, mouse oocytes (Carabatsos et al., 2000; Combelles and Albertini,
2001; Can et al., 2003; Schuh and Ellenberg, 2007). Both, fixed- and live-cell
immunofluorescence analysis demonstrate that pericentrin progressively accumulates at
forming MTOCs upon the resumption of meiosis, although the cellular mechanisms that
regulate pericentrin concentration at MTOCSs in oocytes are not known. In somatic cells, a
process of ‘centrosome maturation’ occurs upon mitotic entry, whereby the expression of
key factors essential for microtubule formation increases significantly at centrosomes.
During this process, pericentrin levels increase considerably at the centrosome and is
dependent on two other key proteins, CEP192 (Gomez-Ferreria et al., 2007; Zhu et al.,
2008) and CEP215 (Kim and Rhee, 2014). In turn, pericentrin,, CEP192, and CEP215
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together regulate the binding and accumulation of additional proteins that are necessary for
increased microtubule nucleating activity, including y-tubulin, at the centrosomes (Gomez-
Ferreria et al., 2007; Zhu et al., 2008; Kim and Rhee, 2014). Whether or not similar
mechanisms regulating acentriolar MTOC protein composition and function operate in the
mammalian oocyte upon the resumption of meiosis remains to be determined.

Depletion of Pcnt Reduces y-Tubulin Localization to MTOCs and Disrupts Meiotic Spindle
Organization

We tested pericentrin function by microinjecting a specific Pcnt sSiRNA, which efficiently
reduced total pericentrin protein levels in oocytes. Pcnt-depleted oocytes exhibited defects
in meiotic spindle organization and chromosome alignment, which correlated with reduced
y-tubulin at MTOCs whereas faint y-tubulin labeling was still evident along the spindle
microtubules of most Pcnt-depleted oocytes. Since total y-tubulin protein levels were not
altered, depletion of pericentrin specifically disrupts the localization of y-tubulin to oocyte
MTOCs. These findings are consistent with observations in somatic cells (Zimmerman et al.,
2004; Kim and Rhee, 2014).

We previously demonstrated an important interaction between pericentrin and another key
MTOC-associated protein, NEDD1, in oocytes (Ma et al., 2010). NEDD1 (also referred to
as GC-WDA40) is a unique y-tubulin ring complex (yTuRC)-associated protein that plays a
critical role in recruiting y-tubulin to MTOCs in somatic cells (Haren et al., 2006; Luders et
al., 2006), and requires pericentrin for its proper localization to mouse oocyte MTOCs (Ma
et al., 2010). Knockdown of NEDD1 had no effect on pericentrin targeting to oocyte
MTOCs, however. Thus, pericentrin function is conserved —at least in part— as an important
scaffolding protein in acentriolar MTOCs in mouse oocytes. In addition, pericentrin likely
anchors y-tubulin at oocyte MTOCs through potential interactions with key yTURC-
associated proteins such as NEDD1.

v-Tubulin is essential for microtubule nucleation at MTOCSs. This member of the tubulin
superfamily is highly conserved across species, and functions to catalyze a- and p-tubulin
dimer assembly into microtubules (Raynaud-Messina and Merdes, 2007). Depleting total y-
tubulin in oocytes by siRNA has been shown to reduce meiotic spindle size in mouse
oocytes (Barrett and Albertini, 2007). Here, we show that y-tubulin localization to MTOCs
is dependent on pericentrin, albeit y-tubulin localization to the spindle microtubules was not
fully disrupted after Pcnt knockdown, suggesting that other regulatory mechanisms may be
at work. Importantly, reduced y-tubulin at MTOCs in Pcnt-depleted oocytes associated with
disrupted meiotic spindle structure, especially disorganized spindles with significant
chromosome misalignment, as characterized by scattered and misaligned chromosomes.
Quantitative analysis of the relative fluorescence intensity also revealed weak labeling with
anti-a-tubulin antibodies, suggesting that spindle microtubule density is reduced in Pcnt-
depleted oocytes.

Microtubules are highly dynamic and have a short half-life, thus spindle stability requires
continuous formation of new microtubules (Raynaud-Messina and Merdes, 2007).
Microtubule regrowth (following cold treatment) was delayed and/or diminished in Pcnt-
depleted oocytes, further supporting that pericentrin function at MTOCs is important for
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microtubule nucleation during meiotic spindle assembly. Disruption of meiotic spindle
formation, organization, or stability can perturb chromosome-microtubule interactions, and
potentially accounts for the chromosome alignment errors observed in Pcnt-depleted
oocytes. Fewer of these Pcnt-depleted oocytes progress to metaphase-I1, suggesting that
some chromosomes may remain unattached, which could activate the spindle assembly
checkpoint and thus block or delay the first meiotic division (Homer et al., 2005;
McGuinness et al., 2009). In earlier studies, we noted that the majority of control oocytes
under similar culture conditions progress to metaphase-I1 after 10-11 hours of culture (Ma et
al., 2010), so failure to extrude the first polar body by 17 hours indicates a considerable
delay — but further studies are warranted to assess the timing of polar body extrus are
warranted to assess the timing of polar ion, and whether or not the oocytes remain arrested
with extended culture.

Interestingly, approximately 38% of Pcnt-depleted oocytes did progress to metaphase-Il,
despite significant disruption of the meiotic spindle. Subtle differences in the efficiency of
siRNA-mediated knockdown of pericentrin may occur among individual oocytes, such that
oocytes with low levels of residual pericentrin may have less-severe spindle defects that
enabled progression to metaphase-11. Alternatively, it is possible that the metaphase-II
oocytes might have escaped the spindle checkpoint, despite their meiotic spindle defects. In
previous studies, we observed that disruption of the meiotic spindle in oocytes can lead to
spindle-assembly checkpoint activation, based on persistent MAD2 at kinetochores and
delayed polar-body emission. Even with checkpoint activation, however, some oocytes
progressed to metaphase-I1; of these oocytes, a high percentage of the resultant metaphase-II
eggs were aneuploidy, so spindle-assembly checkpoint activation did not permanently arrest
all oocytes or preclude chromosome segregation errors (Ma et al., 2010).

MTOC Function Promotes Meiotic Spindle Stability in Mammalian Oocytes

Disruptions of the meiotic spindle in Pcnt-depleted oocytes implicates an important role for
pericentrin in regulating MTOC-mediated microtubule nucleation. While depletion of Pcnt
lead to significant defects in spindle organization and chromosome attachment, it did not
completely block meiotic spindle assembly in oocytes since spindle microtubules did form
in Pcnt-depleted oocytes, albeit with disruptions. It is possible that low endogenous levels of
pericentrin persist in sSiRNA-injected oocytes, or that additional MTOC-associated proteins
may partly compensate for the depleted pericentrin. Yet, non-MTOC-mediated microtubule
nucleation can also contribute to meiotic spindle assembly. For example, Ran GTPase
activity promotes microtubule nucleation around the chromosomes in mouse oocytes
(Hinkle et al., 2002; Dumont et al., 2007), as has been described in mitotic somatic cells
(Khodjakov et al., 2000; Caudron et al., 2005; Kalab et al., 2006). Live-cell image analyses
of oocytes further demonstrated that microtubules nucleate from MTOCs, and also increase
around the condensing chromosomes in a Ran-dependent manner (Dumont et al., 2007;
Schuh and Ellenberg, 2007). Disruption of Ran GTPase activity does not completely inhibit
meiotic spindle formation, though (Dumont et al., 2007).

In the current study we also note that, although diminished, spindle microtubules do form
and y-tubulin localization along the spindle microtubules persists in the majority of Pcnt-
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depleted oocytes. Together these findings indicate that MTOC-mediated, as well as Ran
GTPase-dependent, microtubule nucleation are important activities in oocytes. Moreover,
Pcnt-depleted oocytes provide a valuable model to help determine the relative contribution
of these two mechanisms to meiotic spindle assembly and stability in oocytes.

We demonstrated that pericentrin is a key conserved and functional component of the unique
acentriolar MTOCs in oocytes. Notably, depletion of pericentrin specifically disrupts -
tubulin localization to MTOCSs, which is associated with the disruption of meiotic spindle
organization and chromosome alignment defects. Our findings support that MTOC-
medicated microtubule formation is regulated, at least in part, by pericentrin in oocytes and
plays a critical role in spindle formation and/or stability during the progression of meiosis.

MATERIALS AND METHODS

Oocyte Collection and Culture

The subcellular distribution of pericentrin was assessed during various stages of meiotic
division in oocytes obtained from B6D2F1 mice (C57BL/6J femalesxDBA/2J males). For
recovery of pre-ovulatory stage oocytes, 21- to 23-day-old females were injected with 5 U
pregnant mare serum gonadotropin (EMD Biosciences) to stimulate follicle development,
and the ovaries were collected 44 to 48 hours later. Cumulus cell-oocyte complexes (COCs)
were quickly released from ovarian follicles in media supplemented with 1 pg/ml of the
phosphodiesterase inhibitor milrinone (Sigma) to maintain prophase-1 arrest. The
surrounding cumulus cells were removed by gentle pipetting, and the denuded oocytes were
cultured in milrinone-free media to undergo meiotic maturation. The oocytes were fixed at
specific stages for analysis. Oocytes undergoing nuclear-envelope breakdown upon the
resumption of meiosis, as well as those at prometaphase and the metaphase-I stages, were
collected following a 2-, 4-, and 8-hour culture period, respectively. Mature metaphase-II
eggs were collected following a 17-hour culture period, or from the oviducts of
superovulated females approximately 16 hours after treatment with 5 IU human chorionic
gonadotropin (EMD Biosciences). All oocytes were cultured in Minimal Essential Medium
(MEM) supplemented with 3 mg/ml crystallized bovine serum albumin (BSA) (Sigma) and
10% fetal calf serum (Hyclone). Cultures were maintained at 37°C with 5% CO,, 5% O,
and 90% N,.

Immunofluorescence Analysis

Oocytes were fixed and immunostained as previously described (Ma et al., 2008). In brief,
the oocytes were fixed with 4% paraformaldehyde in PEM Buffer (100 mM Pipes [pH 6.9],
1 mM MgCly, 1 mM EGTA) with 0.5% Triton-X for 1 hour, then rinsed and blocked in
phosphate-buffered saline (PBS) with 5% serum for immunostaining. Antibodies were used
at a 1:1000 dilution to detect pericentrin (BD Biosciences), y-tubulin (Sigma), and spindle
microtubules with acetylated a-tubulin (Sigma). DNA was counterstained with DAPI
contained in the mounting medium (Vector Laboratories). Alexa Fluor-conjugated 488 and
555 secondary antibodies were purchased from Molecular Probes (Invitrogen), and
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fluorescence was assessed using an upright fluorescent microscope with imaging software
(Leica Microsystems).

Western Blot Analysis

Oocytes devoid of surrounding granulosa cells were collected and frozen in Laemmli buffer
with protease inhibitors. Prior to analysis, the samples were thawed then heated to 100°C for
5 minutes. The proteins were separated in 10% acrylamide gels containing 0.1% sodium
dodecyl sulfate (SDS), and transferred onto hydrophobic polyvinylidene fluoride (PVDF)
membranes (Amersham). Membranes were blocked (PBS supplemented with 2% BSA and
0.1% Tween-20) overnight at 4°C, then incubated with anti-pericentrin (BD Biosciences)
diluted 1:2000, for 2 hours at room temperature, followed by three (20-minute) washes in
PBST (PBS with 0.1% Tween-20). A peroxidase-conjugated secondary antibody (Jackson
Immuno Research) was added for 1 hour prior to processing using an ECL-plus detection
system (Amersham). The membrane was then re-probed with anti-y-tubulin (Sigma) using
similar conditions. Individual band intensity was quantified using Image J software, and the
relative total protein values in each group were compared to the uninjected control, which
was normalized to 1.0.

Pericentrin (Pcnt) Transcript Knockdown Using Specific sSiRNAs

Short interfering RNAs (siRNA) were used to knockdown and test pericentrin function in
oocytes. A mix of four specific, pre-designed and validated siRNAs directed against the
mouse Pcnt gene sequence (Qiagen) were used. Control groups included (i) non-injected
oocytes that were subject to the same culture conditions as well as (ii) oocytes injected with
control non-specific sSiRNAs (Qiagen). Approximately, 10 pl of a 1 pM solution of the
siRNAs were microinjected directly into the cytoplasm of denuded oocytes arrested at
prophase-I in M2 medium (composition?) supplemented with 1 pg/ml milrinone (Ma et al.,
2010). Injection volumes were standardized using Femtotip capillaries and a Femptojet
microinjector (Eppendorf). The oocytes were subsequently maintained in prophase-I arrest
for 24 hours in milrinone-supplemented MEM media to permit sufficient transcript
knockdown, then washed and transferred into milrinone-free MEM for an additional 17-hour
culture period for meiotic maturation.

Initial control experiments were undertaken to determine the efficacy of the Pcnt-specific
siRNAs. At the end of culture, a total of 50 oocytes from each group were processed for
Western-blot analysis to assess pericentrin levels in total-protein extracts. This was a
representative sample of the oocytes at the end of culture, and contained both a mixture of
metaphase-I and —I1-stage oocytes; the few prophase-I arrested oocytes observed were
excluded. In additional experiments, all the oocytes in each group were fixed for
immunodetection of pericentrin at MTOCSs, and to assess the progression of meiosis as well
as chromosome and meiotic spindle configurations by immunofluorescence. Spindle
microtubules were detected using an anti-acetylated a-tubulin antibody, and the
chromosomes were stained with DAPI. Immunofluoresecence analysis of y-tubulin at
MTOCs was also undertaken in control and Pcnt-depleted oocytes.
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Assessment of Microtubule Regrowth

Spindle microtubule regrowth was assessed in control and Pcnt-depleted oocytes, following
microtubule depolymerization by cold treatment (Haren et al., 2006). Microinjection was
conducted as described, and the oocytes from the control (non-specific siRNA) and Pcnt
siRNAs groups were subsequently placed in culture for 8 hours for assembly of the first
meiotic spindle. At the end of the culture, sample oocytes (n=15) from each group were
fixed for immunofluorescence analysis. The remaining oocytes were placed in cold M2
media at 4°C for 1 hour to depolymerize the spindle microtubules. After cold-treatment,
oocytes from the control and Pcnt-siRNA groups were transferred to fresh, pre-warmed
MEM media at 37°C to initiate microtubule regrowth, then fixed for immunofluorescence
analysis at 0 and 30 minutes post-warming.

Statistical Analysis

All data are presented as mean percentages (+ standard error) from a minimum of 3
independent experimental replicates. For evaluation of the differences between groups, all
percentages were subjected to arcsine transformation. The transformed data were analyzed
by ANOVA, and comparison of all pairs by Tukey-Kramer HSD using JMP Start Statistics
(SAS Institute Inc.). Differences were considered significant when P<0.05.
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Figure 1.

Pericentrin localizes to MTOCs in oocytes arrested at prophase-l and during meiotic
division. (A) Mouse oocytes were collected and fixed for immunofluorescence analysis at
specific stages, including prophase-I arrest (a—d, n= 45), prometaphase (e-h, n=51),
metaphase-I (i-l, n=65), and metaphase-11 (m—p, n=63). The oocytes were double-labeled
with specific anti-pericentrin (red, arrows) and anti-acetylated a-tubulin (green) antibodies
to detect spindle microtubules. (B) Pericentrin (c, red) co-localizes with y-tubulin (b, green)
specifically at the spindle poles (arrows) in metaphase-1 oocytes (n=55). All slides were
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counterstained with DAPI to detect DNA (blue). Pb: Polar body. *, cytoplasmic MTOCs.
Insets show 2x and 4x magnifications of the spindle-pole area. Scale bars, 10 pm.
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Figure 2.

Efficient knockdown of pericentrin protein expression in oocytes by specific SiRNAS.

(A) Representative images and percent total metaphase-| stage oocytes (mean + standard
error) with bright pericentrin staining at MTOCs (arrows) from the uninjected (n=109) and
non-specific sSiRNA (n=117) controls relative to the Pcnt-siRNA (n=189) group. Pericentrin
is shown in red (arrows) and DNA in blue. Insets show a 2x magnification of the spindle
pole area. Scale bars, 10 um.
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*, cytoplasmic MTOCs. (B) Western blot analysis of pericentrin and y-tubulin levels oocyte
lysates (50 oocytes/lane) from the control and Pcnt-siRNA groups. Total pericentrin and -
tubulin values were compared to the uninjected control, which was normalized to 1.0. (C)
Progression of meiosis as determined by DAPI-labeled DNA configurations in uninjected
(n=244), control siRNA (n=281)-, and Pcnt-siRNA- (n=284) injected oocytes. All oocytes
were fixed after a 17-hour culture period. Bars represent the mean value (+ standard error). *
P<0.05 between control and Pcnt-siRNA groups.
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Figure 3.

Knockdown of pericentrin leads to the disruption of spindle organization and significant
chromosome misalignment. (A) Representative images of the meiotic spindle structure in
uninjected (n=137) and non-specific sSiRNA (a—d, n=110) control oocytes, relative to the
Pcnt-siRNA-injected group (e—l, n=113). Oocytes were double-labeled with anti-pericentrin
(red) as well as anti-acetylated a-tubulin antibodies for the detection of microtubules
(green). DNA is shown in blue and arrows denote misaligned chromosomes. Insets show a
2x magnification of the spindle pole area (arrows). Pb1: First polar body. Scale bar, 10 pm.
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(B) Percentage (mean = standard error) of metaphase-1 and -11 oocytes in each group that
exhibit an organized bipolar meiotic spindle structure. * P<0.05. (C) Relative fluorescence
(pixel) intensity of acetylated a-tubulin (microtubules) in the spindle of metaphase-1 oocytes
(n=15 per group). The mean fluorescence intensity values from the uninjected control group
was standardized to 1.0, and compared to oocytes injected with non-specific control or Pcnt
SiRNAs.
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Figure4.

Knockdown of pericentrin in oocytes decreased y-tubulin localization at MTOCs. (A)
Representative images of oocytes are shown from the uninjected (n=73) and non-specific
SiRNA (n=89) controls (a—d) compared to the Pcnt-siRNA group (e-h, n=87). Oocytes were
double-labeled with anti-pericentrin (red) and y-tubulin (green) antibodies. Arrows denote
misaligned chromosomes. (B) The percentage (mean + standard error) of oocytes with bright
y-tubulin detected at MTOCs was lower in the Pcnt-siRNA group relative to the uninjected
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and non-specific SiIRNA controls. DNA is shown in blue. * P<0.05. Insets show a 2x
magnification of the spindle pole area. Scale bars, 10 um.
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Figurebs.
Delayed microtubule re-growth in Pcnt-depleted oocytes. (A) Following an 8-hour culture,

metaphase-I stage oocytes were cold treated for 1 hour at 4°C to depolymerize microtubules,
then transferred to warm media and incubated for 30 minutes at 37°C to assess microtubule
regrowth. Representative images of oocytes from the control (a—c, n=62) as well as Pcnt-
SiRNA (e—f, n=65) groups fixed at each stage. (B) Percentage (mean + standard error) of
oocytes in each group that exhibit an organized bipolar meiotic spindle structure at each
time point. * P<0.05. Oocytes were double-labeled for immunofluorescence analysis with
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anti-pericentrin (red, arrows) and anti-acetylated a-tubulin (green) to detect spindle
microtubules. DNA was counterstained with DAPI (blue). Scale bars, 10 um.
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