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Loss of acentriolar MTOCs disrupts spindle pole Aurora A and
assembly of the liquid-like meiotic spindle domain in oocytes

Xiaotian Wang', Claudia Baumann', Rabindranath De La Fuente'? and Maria M. Viveiros'%*

ABSTRACT

Oocyte-specific knockdown of pericentrin (PCNT) in transgenic (Tg)
mice disrupts acentriolar microtubule-organizing center (aMTOC)
formation, leading to spindle instability and error-prone meiotic
division. Here, we show that PCNT-depleted oocytes lack
phosphorylated Aurora A (pAURKA) at spindle poles, while overall
levels are unaltered. To test aMTOC-associated AURKA function,
metaphase Il (Mll) control (WT) and Tg oocytes were briefly exposed
to a specific AURKA inhibitor (MLN8237). Similar defects were
observed in Tg and MLN8237-treated WT oocytes, including altered
spindle structure, increased chromosome misalignment and impaired
microtubule regrowth. Yet, AURKA inhibition had a limited effect on
Tg oocytes, revealing a critical role for aMTOC-associated AURKA in
regulating spindle stability. Notably, spindle instability was associated
with disrupted y-tubulin and lack of the liquid-like meiotic spindle
domain (LISD) in Tg oocytes. Analysis of this Tg model provides the
first evidence that LISD assembly depends expressly on aMTOC-
associated AURKA, and that Ran-mediated spindle formation ensues
without the LISD. These data support that loss of aMTOC-associated
AURKA and failure of LISD assembly contribute to error-prone
meiotic division in PCNT-depleted oocytes, underscoring the
essential role of aMTOCs for spindle stability.

KEY WORDS: Oocyte, Spindle, Pericentrin,aMTOC, AURKA, TACC3,
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INTRODUCTION

Chromosome segregation errors during female meiosis can lead to
aneuploidy in oocytes and developing embryos upon fertilization,
significantly contributing to congenital disorders and pregnancy
loss in women (Jones and Lane, 2013; Nagaoka et al., 2012).
Accurate chromosome segregation is contingent on the formation of
a stable spindle microtubule (MT) apparatus and the establishment
of correct bi-oriented (amphitelic) chromosome—MT attachments
(Chmatal et al., 2015; Mihajlovic and FitzHarris, 2018). Notably,
meiotic spindle assembly in mammalian oocytes differs from
mitosis (Schuh and Ellenberg, 2007). Whereas somatic cells contain
canonical centrosomes, composed of two centrioles surrounded by a
pericentriolar matrix (PCM) that serve as the primary spindle
microtubule-organizing centers (MTOCs) (Bettencourt-Dias and
Glover, 2007), mammalian oocytes (mouse and human) lose
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centrioles early in development (Sathananthan et al., 2000; Szollosi
et al., 1972). Despite the absence of centrioles, mouse oocytes
express essential PCM proteins that are crucial for MT nucleation
(Raynaud-Messina and Merdes, 2007), including y-tubulin and
associated y-tubulin ring complex (yTuRC) proteins such as
NEDDI1 (Combelles and Albertini, 2001; Ma et al., 2010; Schuh
and Ellenberg, 2007). The many structural and regulatory PCM
proteins, including key kinases, form unique acentriolar
microtubule-organizing centers (aMTOCs) with a distinctive ring-
like structure at meiotic spindle poles (Schuh and Ellenberg, 2007,
Baumann et al., 2017).

In previous studies we established that aMTOCs play a critical
role in spindle stability and the accuracy of meiotic division in
oocytes (Baumann et al., 2017). To test aMTOC function we
developed a transgenic (Tg) mouse model with an oocyte-specific
knockdown of pericentrin (PCNT), an essential scaffolding
protein in somatic cell centrosomes (Chen et al., 2014; Delaval
and Doxsey, 2010; Zimmerman et al., 2004) and oocyte aMTOCs
(Ma and Viveiros, 2014). PCNT localizes specifically to aMTOCs
throughout meiotic division (Luksza et al., 2013; Schuh and
Ellenberg, 2007). Notably, oocyte-specific knockdown of PCNT in
Tg mice disrupts the accumulation of PCM proteins and the
formation of aMTOCs (Baumann et al., 2017). Although
Ran GTPase activity (Dumont et al., 2007; Schuh and Ellenberg,
2007) promotes meiotic spindle assembly in PCNT-depleted
oocytes, the loss of functional aMTOCs leads to meiotic spindle
instability, highly error-prone meiotic division and female
subfertility (Baumann et al., 2017). To determine the underlying
basis of spindle instability in Tg oocytes, we assessed a key
aMTOC-associated kinase, Aurora A (AURKA) and the newly
identified ‘liquid-like meiotic spindle domain’ (LISD; So et al.,
2019), which are critical for spindle assembly.

AURKA is a highly conserved serine/threonine kinase that
localizes to the centrosome in somatic cells and regulates key
events during mitosis, including centrosome maturation and spindle
assembly (Barr and Gergely, 2007; Sardon et al., 2008; Joukov et al.,
2014; Magnaghi-Jaulin et al., 2019). Its activation is dependent on
phosphorylation of a conserved residue (threonine 288) in the
activation loop of the catalytic domain. The MT-associated protein
TPX2 has been identified as an important cofactor and activator of
AURKA (Bayliss et al., 2003; Eyers and Maller, 2004; Walter et al.,
2000). Disruption of AURKA in somatic cells leads to centriole
separation failure, spindle defects and chromosome segregation errors
(Joukov et al., 2014; Magnaghi-Jaulin et al., 2019; Marumoto et al.,
2003). In oocytes, AURKA is phosphorylated upon the resumption
of meiosis and localizes specifically to aMTOCs (Nguyen and
Schindler, 2017; Saskova et al., 2008). Its activator, TPX2, is also
expressed in oocytes and associates with meiotic spindle MTs
(Brunet et al., 2008). Studies support a key role for AURKA in the
regulation of spindle assembly upon the resumption of meiosis
(Blengini et al., 2021; Bury et al., 2017; Saskova et al., 2008; Solc
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et al., 2012) as well as the maintenance of aMTOC organization and
spindle structure in ovulated metaphase IT (MII) oocytes (Wang et al.,
2020). Notably, a recent study (So et al., 2019) demonstrated that
AURKA activity and its target, TACC3 (transforming acidic coiled-
coil-containing protein 3) (Burgess et al., 2018; Kinoshita et al.,
2005), are essential to promote the formation of the unique and highly
dynamic LISD in mammalian oocytes. The LISD is proposed to serve
as an important reservoir for MT regulatory factors that are crucial for
stable meiotic spindle assembly (So et al., 2019).

In this study we establish that PCNT-depleted oocytes from Tg
mice lack phosphorylated AURKA (pAURKA) as well as the
unique LISD at meiotic spindle poles. These data provide the first
evidence that in vivo LISD assembly depends specifically on
aMTOC-associated AURKA, rather than overall protein levels in
the oocyte. Moreover, it demonstrates that Ran-mediated spindle
formation in Tg oocytes occurs despite the absence of the LISD.
Importantly, loss of aMTOC-associated AURKA and failure of
LISD assembly contribute to error-prone meiotic division in PCNT-
depleted oocytes, supporting the essential role of aMTOCs for
meiotic spindle stability.

RESULTS

AURKA localization to oocyte aMTOCs is dependent on PCNT
Phosphorylation of AURKA promotes a conformational change
associated with kinase activation (Bayliss et al., 2003; Eyers and
Maller, 2004). In oocytes, pAURKA localizes to aMTOCSs upon the
resumption of meiosis and throughout meiotic division (Balboula
etal., 2016; Bury etal., 2017; So et al., 2019; Solc et al., 2012; Wang
et al., 2020). To determine whether pAURKA associates with
aMTOCs in a PCNT-dependent manner, we compared pAURKA
labeling in wild-type (WT) control and PCNT-depleted oocytes from
Tg mice (Baumann et al., 2017). Consistent with previous studies,
all control MII oocytes showed bright pAURKA, colocalized with
PCNT, at meiotic spindle pole aMTOCs as well as small distinct
cytoplasmic aMTOCs (Fig. 1A panels a—d,B). We extended these
findings using super-resolution structured illumination microscopy
(SR-SIM) analysis of WT MII oocytes to reveal the spatial
organization of pAURKA and PCNT at spindle pole aMTOCs.
The two proteins were observed in an interlacing pattern within the
partial or complete ring-like aMTOC structure (Fig. 1C). In sharp
contrast, no pAURKA was detected at aMTOCs in PCNT-depleted
metaphase I (MI)-stage (Fig. S1) or ovulated MII (Fig. 1A panels e—
h,B) oocytes. Yet, western blots showed no difference in total
pAURKA protein levels in lysates from WT control and Tg MII
oocytes (Fig. 1D). Protein levels of TPX2, a key cofactor and
activator of AURKA (Bayliss et al., 2003; Eyers and Maller, 2004),
were also similar between WT and Tg MlI-arrested oocytes (Fig. 1E).
These data indicate that neither AURKA phosphorylation (activation)
nor total pAURKA protein levels are disrupted in PCNT-depleted
oocytes. In contrast, pAURKA localization to aMTOCs is dependent
on PCNT and is absent from meiotic spindle pole aMTOCs in Tg
(PCNT-depleted) oocytes.

aMTOC-associated AURKA plays a critical role in regulating
assembled spindle structure

Next, we assessed whether pAURKA function is contingent on its
aMTOC association and whether the absence of pAURKA from
spindle pole aMTOCsS contributes to the meiotic defects in PCNT-
depleted oocytes. Our previous studies revealed altered spindle
structure in PCNT-depleted oocytes (Baumann et al., 2017) and that
AURKA activity affects assembled spindle organization in ovulated
oocytes (Wang et al., 2020). Therefore, we compared meiotic

spindle organization between WT and PCNT-depleted MII oocytes
after a 4 h culture in either medium alone (control) or with a specific
AURKA inhibitor (MLN8237). Spindle MTs were labeled with
TPX2 in all groups (Fig. 2A—C); however, TPX2 labeling was
significantly brighter towards the spindle poles in PCNT-depleted
oocytes (Fig. 2A panel b). Significantly brighter TPX2 fluorescence
towards the poles (Fig. 2B,C) was also observed after AURKA
inhibition in both WT (Fig. 2A panel ¢) and Tg (Fig. 2A panel d)
oocytes. Similar TPX2 labeling in Tg and MLN8237-treated
oocytes indicates that aMTOC-associated AURKA influences
TPX2 distribution along the spindle MTs.

Analysis of meiotic spindle length and pole width (Fig. 2D,E)
also points to AURKA and aMTOC regulation of assembled spindle
structure. Significantly shorter spindles were observed in WT
oocytes following AURKA inhibition (Fig. 2D) (Wang et al., 2020).
Loss of PCNT and aMTOCs in Tg oocytes also leads to shorter
spindles (Baumann et al., 2017), but to a lesser extent than AURKA
inhibition in WT oocytes, as demonstrated by direct comparison
(Fig. 2D). Notably, exposure of Tg oocytes to the AURKA inhibitor
failed to further decrease the spindle length (Fig. 2D), supporting
that aMTOC-associated AURKA, rather than overall activity in the
oocyte, plays a key role in the regulation of spindle length.
Inhibition of AURKA also leads to highly focused spindle poles
(Fig. 2E) (Wang et al., 2020). Direct comparisons showed reduced
pole width in Tg (PCNT-depleted) oocytes, albeit to a lesser extent
than AURKA inhibition (Fig. 2E). MLN8237 exposure further
reduced the spindle pole width in Tg oocytes (Fig. 2E). These
data support that spindle structure alterations in PCNT-depleted
oocytes are linked to the loss of pAURKA from the spindle pole
aMTOCs.

Loss of PCNT and aMTOC-associated AURKA disrupts
spindle microtubule regrowth and chromosome alignment
Next, we assessed chromosome alignment and MT regrowth in
ovulated WT and PCNT-depleted Tg MII oocytes, following a brief
(4h) culture in medium alone or with the AURKA inhibitor
(Fig. 3A—C). Over 95% of WT control oocytes maintained tightly
congressed chromosomes that fully aligned at the metaphase plate
(Fig. 3A panel a). Similar to our previous studies (Baumann et al.,
2017), we observed that PCNT-depleted oocytes in medium alone
exhibited high rates of chromosomes misalignment and disrupted
chromosome congression (Fig. 3A panel b). Inhibition of AURKA
activity also increased chromosome misalignment (Fig. 3B)
and disrupted chromosome congression (Fig. 3C) in both WT
and Tg oocytes (Fig. 3A panels c,d). Interestingly, chromosome
misalignment rates were comparable between WT and Tg MLN8237-
treated oocytes. These findings support that aMTOC-associated
AURKA plays an important role in maintaining chromosome
alignment, likely through its regulation of spindle stability. Thus,
the high incidence of chromosome errors observed in PCNT-depleted
oocytes may be attributed to the loss of aMTOC-associated
pAURKA.

Because AURKA plays an important role in regulating MT
stability (Sardon et al., 2008), we evaluated the persistence of cold-
stable MTs as well as MT regrowth following cold treatment
(Fig. 3D-G) in control and MLN8237-treated MII oocytes from
both WT (Fig. 3D,E) and Tg (Fig. 3F,G) mice. Following a 30 min.
incubation at 4°C, cold-stable MTs were primarily detected towards
the spindle poles (Fig. 3D,F), and the mean spindle length (distance
from pole to pole) was significantly reduced in all groups
(Fig. 3E,G). Next, we assessed MT regrowth, as denoted by
brighter interpolar MTs and the spindle length, following a brief
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Fig. 1. pAURKA localization to oocyte
aMTOCs is dependent on PCNT.

(A) Representative images of ovulated Ml
control (n=98) and PCNT-depleted (n=70)
oocytes collected from WT and Tg mice,
respectively, double labeled using anti-PCNT
(green) and anti-pAURKA (red) antibodies at
aMTOCs (*). DAPI-labeled DNA is shown in
gray. Merged images are shown in panels d
and h. Arrowheads indicate misaligned
chromosomes. Insets show 2x magnification of
the spindle pole. Scale bar: 5 ym.

(B) Percentage of total oocytes with pAURKA
labeling at aMTOCs. Data are presented as
meanzs.e.m. of three experiments. (C) SR-
SIM of PCNT (green) and pAURKA (red)
colocalization at spindle pole aMTOCs in
ovulated Ml oocytes (n=7) from WT mice.
Merged image is shown in panel c. Lower
panels show 3x magnification of the region
indicated by a dashed box. (D,E) Western blot
analysis of (D) pAURKA and (E) TPX2 protein
levels in ovulated MIl oocytes (50 oocytes/
lane) from WT and Tg mice. B-tubulin was used
as an internal control, and total protein levels in
WT oocytes are normalized to 1.0 for
comparisons. Data are presented as
meanzs.e.m. of three experiments.
***P<0.001, n.s., not significant (two-tailed,
unpaired, Student’s t-test).
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(5 min) incubation at 37°C in pre-warmed medium. Interestingly,
the ‘recovered’ spindle length differed between the control and
inhibitor-treated groups in both WT and PCNT-depleted (Tg)
oocytes. Upon re-warming, the ‘increased/recovered’ spindle length
in WT controls was comparable to oocytes prior to cold treatment
(Fig. 3D panels a—c,E). However, WT oocytes exposed to the
AURKA inhibitor showed limited MT regrowth and contained
significantly shorter spindles following re-warming (Fig. 3D panels
d-f,E). Notably, quantitative analysis of Tg oocytes in medium
alone also revealed significantly shorter lengths post re-warming
(Fig. 3F panels a—c,G), indicative of impaired MT regrowth. In turn,
Tg oocytes exposed to the AURKA inhibitor showed no significant
increase in spindle length post re-warming (Fig. 3F panels d—f,G).
These data indicate that aMTOC-associated pAURKA plays a

critical, albeit not exclusive, role in regulating M T regrowth that can
influence meiotic spindle stability in oocytes.

Inhibition of AURKA disrupts aMTOC organization and
v-tubulin targeting to spindle MTs

To gain insight into the underlying mechanisms that contribute to
limited MT regrowth in response to PCNT loss and AURKA
inhibition, we assessed the distribution and expression of key
aMTOC-associated factors that promote MT nucleation: y-tubulin
and its anchoring protein in the YTuRC, NEDD1 (Ma et al., 2010;
Raynaud-Messina and Merdes, 2007). Consistent with previous
observations (Bury et al., 2017; Wang et al., 2020), additional SR-
SIM analysis revealed that brief exposure to MLN8237 leads to a
striking disruption of the ring-like aMTOC organization, with
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Fig. 2. Loss of PCNT and AURKA inhibition alter TPX2 distribution and assembled spindle structure. (A) Representative images of MT-associated TPX2
(green) labeling along the meiotic spindle in MIl oocytes from WT and Tg mice, following a 4 h culture in either medium alone (control) or with 500 nM MLN8237.
Dashed line represents the spindle length transect used to measure TPX2 fluorescence. Scale bar: 10 um. (B) Representative scans of TPX2 fluorescence along
the spindle length in oocytes from each group. (C) Meants.e.m. fluorescence intensity of TPX2 at spindle pole minus end MTs in control and MLN8237-treated
WT (n=58 and n=54, respectively) and Tg (n=65 and n=44, respectively) Mll oocytes. (D,E) Quantitative analysis (meants.e.m.) of the meiotic (D) spindle length
and (E) average spindle pole width in control (Ctrl) and MLN8237-treated WT (n=73 and n=81, respectively), and Tg (n=86 and n=56, respectively) MIl oocytes.
Different letters denote significant differences (P<0.05) between groups (one-way ANOVA with Tukey’s multiple comparisons test). AU, arbitrary units.

marked clustering of PCNT into compact foci at the spindle poles
(Fig. 4A,B). Pronounced clustering of both NEDD1 and y-tubulin
into small foci was also observed in response to treatment with the
AURKA inhibitor (Fig. 4C—E). Super-resolution imaging of control
oocytes (Fig. 4C panels a—c) showed y-tubulin colocalized with
NEDDI in an interweaving pattern at aMTOCs. Whereas NEDD1
labeling was restricted to aMTOCs, y-tubulin was also detected
along the spindle MTs (Fig. 4C panels b,c). Interestingly,
AURKA inhibition diminished MT-associated y-tubulin (Fig. 4C
panels e,f).

Therefore, we assessed the fluorescence intensity of y-tubulin
along the spindle MTs in both WT and Tg MII oocytes, following a
brief (4 h) culture with or without the AURKA inhibitor (Fig. 4F,G).
In the WT control group, y-tubulin was detected at spindle pole
aMTOCs and diffusely along the spindle MTs (Fig. 4F panel a).
However, after MLN8237 exposure, y-tubulin labeling became
dimmer and restricted to MTs towards the spindle poles as well as
clustered aMTOCS (Fig. 4F panel c). Notably, Tg oocytes exhibited
only dim y-tubulin labeling along the spindle MTs (Fig. 4F panel b),
which was further reduced by AURKA inhibition (Fig. 4F panel d).
Quantitative analysis (Fig. 4G) confirmed significantly lower -
tubulin fluorescence intensity along spindle MTs in Tg oocytes and
following MLN8237 treatment in both groups. Nonetheless,

western blot analysis showed no significant difference in total
protein levels between control and MLN8237-treated oocytes from
either the WT or Tg groups (Fig. 4H-J), confirming that loss of
PCNT and/or AURKA inhibition specifically disrupts the
localization of y-tubulin to meiotic spindle MTs. Taken together,
these data support that AURKA activity plays an important role in
maintaining aMTOC organization as well as y-tubulin targeting to
the spindle MTs.

LISD assembly is dependent on PCNT and aMTOC-
associated AURKA

Recent studies have identified a unique LISD in mammalian
oocytes, which serves as an important reservoir for MT regulatory
factors that are critical for stable meiotic spindle assembly (So et al.,
2019). AURKA and its downstream target, TACC3, play an
essential role in LISD formation (So et al., 2019). Hence, we
assessed whether LISD assembly occurs in PCNT-depleted oocytes
from Tg mice. A key LISD component protein, TACC3, was used as
a specific LISD marker in WT and Tg MII oocytes, with and
without AURKA inhibition (Fig. SA-C). In WT control oocytes,
bright TACC3 was detected along the MTs as well as at prominent
LISD protrusions at both spindle poles (Fig. SA panel a; Movies 1
and 2). SR-SIM analysis revealed the spatial distribution of the
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Fig. 3. Loss of PCNT as well as AURKA inhibition promote increased chromosome errors and impaired MT regrowth. (A) Representative images of
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10 um. Meanzs.e.m. spindle length measured in (E) WT and (G) Tg oocytes from each group: control MIl (WT, n=50; Tg, n=36), post 4°C cold treatment (WT, n=45; Tg,
n=32) and post 37°C re-warming (WT, n=43; Tg, n=39), compared to MLN8237-treated oocytes at MIl (WT, n=49; Tg, n=32), 4°C cold treatment (WT, n=63; Tg, n=32)
and 37°C re-warming (WT, n=56; Tg, n=34). ***P<0.001; n.s., not significant (one-way ANOVA with Tukey’s multiple comparisons test).
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LISD protrusions, which extend beyond the spindle poles (Fig. SA  TACC3 labeling along the spindle MTs (Fig. 5A panel ¢,B,C;
panel b). The aMTOCs were brightly labeled with PCNT, revealing  Movies 4 and 5). SR-SIM analysis of the spindle pole area also
their distinct ring-like organization, but no TACC3 labeling was  showed loss of the ring-like aMTOC organization and pronounced
detected at the aMTOCs (Fig. 5A panel b; Movie 3). Brief (4 h)  clustering of PCNT at highly focused poles with no LISD (Fig. 5A
exposure of WT oocytes to the AURKA inhibitor caused complete  panel f; Movie 6). Similar to previous studies in MI oocytes (So
loss of the LISD protrusions as well as a significant decrease in et al., 2019), these data support an essential role for AURKA
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Fig. 4. AURKA activity regulates aMTOC organization and y-tubulin
targeting to spindle MTs. (A) SR-SIM imaging of PCNT (red) and TPX2
(green) at spindle poles in WT control (n=9) and MLN8237-treated (n=11) Mll
oocytes. (B) Meants.e.m. PCNT area at the spindle poles of control (Ctrl;
n=103) and MLN8237-treated (n=114) WT oocytes. (C) SR-SIM images
showing NEDD1 (red) and y-tubulin (green) at spindle pole aMTOCs in control
(n=5) and MLN8237-treated (n=7) WT oocytes. Merged images are shown in
panels c and f. (D,E) Meants.e.m. area of (D) NEDD1 and (E) y-tubulin at
spindle poles of control (n=56, NEDD1; n=54, y-tubulin) and MLN8237-treated
(n=71, NEDD1; n=81, y-tubulin) WT oocytes. ***PP<0.001 (two-tailed, unpaired
Student’s t-test). (F) Fluorescent y-tubulin labeling along spindle MTs in control
and MLN8237-treated WT (n=67 and n=80, respectively) and Tg (n=63 and
n=67, respectively) Mll oocytes. (G) Fluorescence intensity of y-tubulin along
spindle MTs. Different letters denote significance (P<0.05) between groups
(one-way ANOVA with Tukey’s multiple comparisons test). (H-J) Western blot
analysis of y-tubulin levels in oocytes (n=50/lane) from WT and Tg mice,
following a 4 h culture in either medium alone or with 500 nM MLN8237 (MLN).
B-tubulin was used as an internal control. Meants.e.m. y-tubulin protein levels
are shown for (I) WT and (J) Tg oocytes, with control levels normalized to 1.0
for comparisons (n=3 experiments). n.s., not significant (two-tailed, unpaired
Student’s t-test). Scale bars: 0.5 pm (A,C), 10 um (F).

activity in maintaining the LISD at assembled meiotic spindles in
ovulated MII oocytes.

Tg mice provided a unique in vivo model to test whether LISD
assembly is dependent on oocyte PCNT and aMTOCs. Notably,
fluorescence analysis of TACC3 labeling revealed a striking lack of
the LISD in ovulated MII oocytes collected from Tg mice (Fig. SA
panel c; Movies 1 and 2). No LISD protrusions were detected in any
PCNT-depleted oocytes (Fig. 5B), and SR-SIM revealed only faint
TACC3 staining along MTs (Fig. 5A panel d; Movie 3). Similarly,
analysis of TACC3 distribution at MI showed TACC3 labeling
along the spindle MTs, but no LISD protrusions in Tg (PCNT-
depleted) MI oocytes (Fig. S2, Movie 7). Brief exposure to the
AURKA inhibitor (Fig. SA panels g,h; Movies 4 and 5) further
decreased TACC3 fluorescence intensity along the MTs in ovulated
MII Tg oocytes (Fig. 5C). Yet, western blot analysis showed no
significant difference in total TACC3 levels between ovulated WT
and Tg (PCNT-depleted) oocytes (Fig. 5D,E). TACC3 levels were
also similar in control and MLN8237-treated oocytes from both the
WT and Tg groups (Fig. SF-H), pointing to the redistribution of
these proteins into the cytoplasm. In sum, these findings support
that AURKA activity is crucial for maintaining the LISD at
assembled spindle poles during MII arrest. Notably, analysis of Tg
oocytes establishes that LISD assembly depends specifically on
aMTOC-associated AURKA.

Taken together, our findings identify key underlying mechanisms
that contribute to spindle instability in PCNT-depleted oocytes
that lack functional aMTOCs. A schematic summary illustrates
crucial differences between WT and Tg (PCNT-depleted) oocytes,
including spindle structure, LISD assembly and aMTOC-associated
factors (Fig. 6).

DISCUSSION

We previously demonstrated that oocyte-specific knockdown of
PCNT in Tg mice disrupts the formation of aMTOCSs and, thus, the
meiotic spindle assembles in a Ran-GTPase-dependent manner
(Baumann et al., 2017). Notably, Tg oocytes show marked spindle
instability, leading to error-prone meiotic division, aneuploidy and
female subfertility (Baumann et al., 2017). However, the underlying
mechanisms by which aMTOCs promote meiotic spindle stability
are not fully understood. Here, we report that PCNT-depleted
oocytes lack pAURKA at spindle pole aMTOCs and fail to
assemble the unique LISD. Analyses of ovulated oocytes from Tg

mice establish that LISD assembly depends specifically on
aMTOC-associated AURKA activity rather than overall protein
levels, and that Ran-mediated meiotic spindle formation in PCNT-
depleted oocytes occurs without the LISD. Our findings identify
key underlying mechanisms that contribute to error-prone meiotic
division in PCNT-depleted oocytes (Fig. 6) and further supports
the essential role of aMTOCs in safeguarding meiotic spindle
stability.

Immunofluorescence analysis of ovulated MII oocytes from Tg
mice revealed the absence of AURKA at spindle pole aMTOCs,
despite unaltered total protein levels for both AURKA and a key
activator, TPX2. PCNT-depleted oocytes also lacked AURKA at
aMTOCs during MI, supporting that AURKA localization at
aMTOC:s is dependent on PCNT. This is consistent with studies in
somatic cells, which demonstrate that AURKA binds CEP192 and
is targeted to the centrosome in a PCNT-dependent manner (Joukov
et al., 2014). Super-resolution analysis using SR-SIM confirmed
colocalization of AURKA and PCNT at aMTOCs and revealed a
distinct ‘interweaving’ pattern of the proteins. This is suggestive of
higher-order organization and is similar to our observations for
PCNT and CEP215 (CDK5RAP2) in mouse oocytes (Wang et al.,
2020). Therefore, PCNT-depleted oocytes provide a unique in vivo
model to test whether AURKA regulation of meiotic spindle
organization and/or stability is contingent on its localization to
aMTOC:s at the spindle poles.

It is well established that AURKA plays an essential role in initial
meiotic spindle assembly upon the resumption of meiosis (Bury
et al., 2017; Solc et al., 2012), as well as the maintenance of
assembled spindle and aMTOC organization in ovulated MII oocytes
(Wang et al., 2020). Moreover, while this article was under review, a
new study reported the development of an oocyte-conditional Aurka-
knockout mouse model. Their analysis revealed that knockout of
Aurka in oocytes disrupts formation of the first meiotic spindle,
leading to meiotic arrest at MI and female infertility (Blengini et al.,
2021). To test aMTOC-associated AURKA function, we compared
assembled meiotic spindle organization between ovulated WT and
Tg oocytes, following a brief (4 h) incubation in medium alone or
with MLN8237 to inhibit overall kinase activity. Control Tg oocytes
contained significantly shorter spindles with reduced pole width
compared to those of WT controls, as we previously reported
(Baumann et al., 2017). Similar alterations were observed in WT
oocytes following AURKA inhibition, confirming that AURKA is a
key regulator of meiotic spindle organization and size. Notably,
AURKA inhibition failed to decrease the spindle length in Tg
oocytes and had a more limited effect on pole focusing compared to
the effects in WT oocytes. These data support that aMTOC-
associated AURKA, rather than overall protein levels in the oocyte,
plays a critical role in regulating meiotic spindle length. It also
suggests that regulation of pole focusing may involve AURKA on
both spindle pole aMTOCs and spindle MTs. Although further
studies are needed to determine the precise mechanisms by which
AURKA regulates assembled MII meiotic spindle organization and
size, similarities to mitotic spindle regulation are plausible. In
somatic cells, several known AURKA substrates play a role in pole
focusing, including ASPM and CEP215 (Sardon et al., 2008;
Tungadi et al., 2017). Moreover, AURKA has been shown to
maintain spindle length by negatively regulating the activity of
KIF2A, a MT minus end-binding depolymerase (Jang et al., 2009;
Nehlig et al., 2021). Studies also demonstrate that disruption of
AURKA and TPX2 interaction leads to shorter spindles (Bird and
Hyman, 2008). Interestingly, our analysis revealed altered TPX2
distribution along the meiotic spindle in Tg oocytes and in WT
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Fig. 5. PCNT-depleted oocytes lack the
LISD at spindle poles. (A) Fluorescent
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(panels a,c,e,g) and SR-SIM (panels
b,d,f,h) imaging of PCNT (red) and TACC3
(green) labeling of aMTOCs and the LISD,
respectively, in WT and Tg (PCNT-depleted)
MIl oocytes, following a 4 h culture in either
medium alone or MLN8237 (500 nM). DNA
is labeled using DAPI (gray). Insets show
TACCS3 staining. Arrowheads indicate
misaligned chromosomes. Scale

bars:10 ym (a,c,e,g), 0.5 um (b,d,f,h).

(B) Percentage of oocytes with TACC3
labeling at meiotic spindle poles in control or
MLN8237-treated WT (n=83 and n=94,
respectively) and PCNT-depleted Tg (n=70
and n=72, respectively) groups. (C)
Meanzs.e.m. TACC3 fluorescence intensity
along MTs in all groups (AU, arbitrary units).
Different letters denote significance
(P<0.05) between groups (one-way ANOVA
with Tukey’s multiple comparisons test).
(D) Western blot analysis of TACC3 protein
levels in WT and Tg ovulated MIl oocytes
(n=50/lane). a-tubulin was used as an
internal control. (E) Quantification shows
meanzs.e.m. TACC3 protein levels (n=4),
with Wt levels normalized to 1.0 for
comparisons. (F) Western blot analysis of
TACCS3 levels in ovulated oocytes (n=50/
lane) from WT and Tg mice, following a 4 h
culture in either medium alone (Ctrl) or with
500 nM MLN8237 (MLN). a-tubulin was
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oocytes exposed to MLN8237, with significantly brighter TPX2
labeling observed towards the spindle poles. Besides activating
AURKA, TPX2 can influence spindle length by regulating MT flux
(Fu et al., 2015) and promotes branching MT nucleation from
existing MTs for spindle stability (Petry et al., 2013). Moreover,
TPX2 is important for Ran-mediated spindle MT formation in
mitotic cells (Gruss et al., 2002) as well as mouse oocytes, where it
regulates spindle pole integrity (Brunet et al., 2008).
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Alterations in spindle size and pole organization observed in
PCNT-depleted (Tg) oocytes and following AURKA inhibition
were associated with chromosome errors as well as impaired MT
growth. Our previous studies revealed high rates of chromosome
misalignment and disruption of chromosome congression in Tg
oocytes, during both MI and ovulated MII oocyte stages, together
with increased rates of chromosome-MT attachment errors and
aneuploidy at MII (Baumann et al., 2017). Interestingly, the highest
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Fig. 6. Loss of aMTOCs disrupts
meiotic spindle organization and
stability. Schematic illustrating crucial
differences in meiotic spindle
organization, key aMTOC-associated
factors and the LISD at spindle poles
between WT control and PCNT-depleted
(Tg) ovulated oocytes that lack functional
aMTOCs (y-Tub, y-tubulin).
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rates of chromosome errors were observed following AURKA
inhibition in both WT and Tg oocytes. This is consistent with the
recognized role for AURKA in regulating kinetochore-MT
interactions at the centromere (DeLuca et al., 2018; Katayama
et al., 2008) as well as promoting MT assembly in mitotic (Sardon
et al., 2008) and meiotic (Bury et al., 2017) spindles. Analysis of
MT regrowth following cold treatment in oocytes revealed impaired
MT dynamics in Tg oocytes and following inhibition of AURKA
activity. Notably, Tg oocytes exposed to the AURKA inhibitor
showed no recovery of the spindle length, pointing to disrupted MT
polymerization and/or depolymerization dynamics. MT regrowth is
likely hindered by the loss of y-tubulin along the spindle MTs as
well as disruption of the ring-like aMTOC organization in WT
oocytes, denoted by pronounced clustering of y-tubulin and its
YTuRC anchoring protein (NEDD1) (Ma et al., 2010; Raynaud-
Messina and Merdes, 2007). How this striking disruption of
aMTOC organization might also impact spindle organization and/or
stability remains to be determined. In Tg oocytes, y-tubulin is absent
from the spindle poles but persists along the spindle MTs (Baumann
et al.,, 2017). Interestingly, AURKA inhibition decreased MT-
associated y-tubulin in Tg oocytes, which correlated with higher
rates of chromosome misalignment. This disruption of key MT-
nucleating factors likely contributes to meiotic spindle instability.
Further studies are warranted to assess the role of additional
aMTOC-associated factors and to test whether there are potential
differences during meiosis I and meiosis II. Nevertheless, these data
support that loss of aMTOC-associated AURKA is a key
contributor to meiotic spindle instability, leading to error-prone
meiotic division in Tg (PCNT-depleted) oocytes.

Aurora A activity has recently been shown to regulate assembly
of the newly identified LISD, which is unique to mammalian
oocytes. The LISD serves as an important reservoir for MT
regulatory factors that are essential for stable meiotic spindle
formation (So et al, 2019). This highly dynamic domain is
comprised of multiple centrosomal and spindle-associated proteins,
including the known AURKA target TACC3, which promotes
spindle stability in mitosis and meiosis (Peset and Vernos, 2008).
TACC3 localizes to the dynamic LISD protrusions that extend
outward from the poles (So et al., 2019). Previous studies report that
TACC3 binds to spindle MTs and is phosphorylated by TPX2 in

somatic cells and oocytes (Brunet et al., 2008; Burgess et al., 2018).
Inhibition and/or depletion of AURKA or TACC3 disrupts LISD
formation, with dispersal of the MT regulatory factors into the
cytoplasm, leading to severe spindle defects with significant loss of
k-fibers and interpolar MTs as well as reduced spindle volume (So
etal., 2019). Oocyte-specific knockout of Aurka also leads to loss of
TACC3 labeling, disrupted spindle formation and arrest at MI
(Blengini et al., 2021). Here, we demonstrate that PCNT-depleted
oocytes from Tg mice lack the LISD domain at both MI and
ovulated MII stages. Analysis of this unique mouse model has
established that LISD assembly in vivo depends specifically on
oocyte aMTOC-associated AURKA, not just overall levels of this
key kinase. In addition, since meiotic spindle assembly occurs in a
Ran-dependent manner in PCNT-depleted oocytes (Baumann et al.,
2017), the current study also reveals that Ran-mediated spindle
assembly can proceed without the LISD in Tg oocytes. Further
studies are needed to determine whether additional aMTOC-
associated factors contribute to LISD formation. Nevertheless,
this study provides novel mechanistic insight into the underlying
basis of meiotic spindle instability and error-prone meiotic division
in Tg oocytes that lack PCNT and aMTOCs. Moreover, it
identifies a key limitation in Ran-mediated meiotic spindle
formation.

In summary, this study demonstrates that the localization of
AURKA to meiotic spindle poles is dependent on PCNT and
aMTOCs in mouse oocytes. Additionally, we provide evidence that
aMTOC-associated AURKA, rather than overall activity in the
oocyte, plays a critical role in the regulation of meiotic spindle size,
organization and stability. Importantly, we establish that in vivo
LISD assembly in oocytes is dependent on aMTOCs. Loss of
aMTOC-associated AURKA and failure of LISD assembly
contribute to error-prone meiotic division in PCNT-depleted
oocytes, underscoring the essential role of aMTOCs for meiotic
spindle stability.

MATERIALS AND METHODS

Animals

All mice were housed at a constant temperature (24—26°C) and a controlled
light cycle (12 h light/dark), with food and water provided ad libitum.
Animal-use protocols were approved by the Institutional Animal Care and
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Use Committee (IACUC) at the University of Georgia (Athens, GA, USA),
and all experiments were conducted in accordance with the specified
guidelines.

Ovulated oocyte collection and culture

Oocytes from control wild-type (WT) and transgenic (Tg) mice with an
oocyte-specific knockdown of PCNT (Baumann et al., 2017) were used for
analysis. All experiments utilized in vivo matured MII oocytes, with a fully
assembled spindle, collected from super-ovulated females. The mice were
treated with 5 IU pregnant mare serum gonadotrophin (EMD Biosciences,
La Jolla, CA) followed by 5 IU human chorionic gonadotrophin (hCG;
EMD Biosciences) 4448 h later, to promote follicle development and
ovulation. The oocytes were recovered from the oviducts ~16 h after hCG
treatment and transferred to minimal essential medium (MEM)
supplemented with 3 mg/ml bovine serum albumin (MEM/BSA; Sigma-
Aldrich, St Louis, MO). Surrounding cumulus cells were removed by gentle
pipetting in MEM/BSA supplemented with hyaluronidase (0.3 mg/ml;
Sigma-Aldrich) followed by several rinses in fresh medium alone. When
indicated, oocytes were cultured at 37°C in MEM/BSA for specified times.
All cultures were maintained at 37°C in MEM/BSA under 5% CO,, 5% O,
and 90% N,.

Immunofluorescence

Oocytes were fixed and immunolabeled with specific antibodies as
previously described (Baumann and Viveiros, 2015) to detect pAURKA
(1:1000; NB100-2371; Novus Biologicals, Centennial, CO), PCNT
(1:1000; 611815; BD Biosciences, San Jose, CA; and PRB432C;
Covance, Princeton, NJ), TPX2 (1:500; NB500-179; Novus Biologicals,
Centennial, CO), NEDD1 (1:500; H00121441-M05; Abnova), y-tubulin
(1:500; T3559; Sigma-Aldrich), acetylated o-tubulin (1:1000; T6793;
Sigma-Aldrich) and TACC3 (1:400; ab134154; Abcam, Cambridge, MA).
In brief, fixed oocytes were incubated with the primary antibodies overnight
at 4°C, then washed and incubated (1 h) at 37°C with specific Alexa Fluor
488- or Alexa Fluor 555-conjugated secondary antibodies (1:1000; A11070,
A21425, A11017 and A21430; Life Technologies, Eugene, OR). After a
final wash, the oocytes were transferred onto glass slides and overlaid with
mounting medium (Vectashield, Vector Laboratories, Burlingame, CA)
containing DAPI (4’,6-diamidino-2-phenylindole) to counterstain the DNA.
Fluorescence was assessed using a Leica DMRE upright fluorescence
microscope with imaging software (Leica Microsystems). Where indicated,
confocal imaging and three-dimensional (3D) reconstruction of meiotic
spindles was performed using a Nikon Eclipse Ti-U/D-Eclipse C1 laser
scanning confocal microscope equipped with a 40x objective lens following
sequential (frame lambda) excitation of GFP and RFP fusion proteins with a
488 nm and 561 nm Coherent Sapphire laser, respectively. Image
acquisition was conducted using EZ-C1 software (Nikon) with a step size
of 0.5 um and a z-stack range of 40 pm. Imaging data were subsequently
analyzed by maximum intensity and 3D reconstructions using NIH
Elements software (Nikon). In some experiments, the oocytes were
assessed by super-resolution structured illumination microscopy (SR-
SIM) using a Zeiss Elyra S1 system equipped with a 100x oil immersion
lens and ZEN 2011 software with a SIM analysis module for image
acquisition at the Biomedical Microscopy Core (BMC) facility, University
of Georgia.

Western blot analysis

Oocyte (n=50 per group) samples were frozen in RIPA buffer supplemented
with protease and phosphatase inhibitors (Thermo Fisher Scientific,
Waltham, MA) as previously described (Wang et al., 2020). In
preparation for analysis, the samples were thawed on ice, mixed with the
4x loading buffer (161-0747; BioRad), and heated at 98°C for 7 min. The
proteins were separated on 8% acrylamide gels containing SDS and then
transferred onto hydrophobic PVDF membranes (Millipore, Burlington,
MA). Following transfer, the membranes were blocked in Tris-buffered
saline supplemented with 2% Tween 20 (TBST) containing 5% nonfat milk
powder for 1 h at room temperature, then incubated at 4°C overnight, with
specific primary antibodies (1:1000 dilution) for the detection of either

phosphorylated pT288 AURKA (3079; Cell Signaling Technology), TPX2
(NB500-179; Novus Biologicals), y-tubulin (T3559; Sigma-Aldrich) or
TACC3 (ab134154; Abcam). Incubation with primary antibodies for
detection of either o~ or B-tubulin (1:2000; T6793, clone 6-11B-1; T4026,
clone TUB 2.1; Sigma-Aldrich), under similar conditions, was used as an
internal control. After several washes in TBST, the membranes were
incubated with peroxidase-conjugated secondary antibodies (115-036-062
and 111-036-144; Jackson ImmunoResearch, West Grove, PA) for 1 h at
room temperature. ECL (Millipore) was used for chemiluminescent
detection. Individual band intensity was quantified using ImageJ software
(NIH, Bethesda, MD), and the relative total protein values in each group
were compared to the control, which was normalized to 1.0.

AURKA inhibition

Aurora kinase A (AURKA) plays an essential role in meiotic spindle
assembly (Bury etal., 2017; Solc et al., 2012), as well as the maintenance of
assembled spindle and aMTOC organization in ovulated oocytes (Wang
et al.,, 2020). This key kinase is phosphorylated (activated) upon the
resumption of meiosis and localizes specifically to aMTOCs. To determine
whether AURKA function in MII oocytes is dependent on its association
with the aMTOCs, we compared meiotic spindle organization between WT
control and PCNT-depleted oocytes following AURKA inhibition. In brief,
ovulated MII control and PCNT-depleted oocytes were collected from WT
and Tg mice, respectively, then incubated for 4h in MEM/BSA
supplemented with 500 nM MLN8237 (Thermo Scientific), a selective
inhibitor for AURKA (Sloane et al., 2010) previously used in mouse
oocytes at this concentration (Bury et al., 2017). Control group oocytes from
WT and Tg mice were incubated in medium alone under similar conditions.
All cultures were maintained at 37°C in MEM/BSA under 5% CO,, 5% O,
and 90% N,. The oocytes were immediately frozen for western blotting or
fixed for immunofluorescence analysis to assess the meiotic spindle and
chromosome configurations.

Spindle MT stability and regrowth analysis

Spindle MT stability following cold treatment was assessed in response to
AURKA inhibition in both WT control and PCNT-depleted oocytes. In
brief, ovulated MII oocytes were cultured for 4 h in MEM/BSA medium
supplemented with 500 nM MLN8237 (Thermo Fisher Scientific), while
control oocytes were incubated in medium alone. Following the 4 h culture,
the oocytes were transferred to cold (4°C) M2 medium (M7167-50ML;
Sigma-Aldrich), either alone (controls) or supplemented with 500 nM
MLN8237, for 30 min to depolymerize the spindle MTs. After cold
treatment, half of the oocytes from each group were immediately fixed for
analysis, while the other half were transferred to pre-warmed MEM, either
alone (controls) or supplemented with 500 nM MLN8237, at 37°C for MT
regrowth, then were fixed at 5 min post re-warming. The oocytes were
immunolabeled with anti-acetylated o-tubulin to assess spindle MT
organization. Fluorescence was evaluated using a Leica Microsystem
fluorescence microscope with imaging software.

Statistical analysis

All data are presented as the meants.e.m. from a minimum of three
independent experimental replicates. GraphPad Prism 8 software was used
for data analysis and preparation of all graphs. The data were analyzed by
either two-tailed, unpaired Student’s #-test for comparison among two
groups, or one-way ANOVA followed by Tukey’s multiple comparison test
between three or more groups. Differences were considered to be significant
when P<0.05.
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