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Abstract
Infertility is a condition that impacts 1 in 6 couples worldwide and is defined as the
inability to get pregnant, or stay pregnant, after 1 year of trying to conceive. The causes
of infertility are vast, and can stem from either the paternal and maternal side or a
combination of the two. One common source of infertility is the presence of an abnormal
number of chromosomes (aneuploidy) in the developing egg or sperm. Aneuploidies are
frequently incompatible with life, and in humans are the major genetic contributor to
miscarriage, infertility, developmental disabilities, and failure of in vitro fertilization.
While rare in most organisms, humans are particularly prone to chromosomal
abnormalities, with 10–30% of fertilized eggs being aneuploid, accounting for nearly one
third of miscarriages. This is in stark contrast to only 1-2% of sperm being aneuploid.
Aneuploidy in eggs most often arises due to errors in the first meiotic division,
accounting for greater than 56% of all occurrences in both male and female meiosis. The
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Aurora kinases are a family of serine/threonine kinases critical to regulating chromosome
segregation and preventing aneuploidy in both mitosis and meiosis. While the functions
of these proteins in mitosis are well understood, their function, regulation, and
localization in meiosis remain unclear. Here we sought to understand the distinct
functions of the three Aurora kinases expressed in female meiosis; Aurora A, Aurora B,
and Aurora C. We show that Aurora C localization is regulated via the phosphorylation
of Histone 3 at Threonine 3 by Haspin kinase, and this localization is imperative for the
correction of aberrant kinetochore-microtubule attachments and mitigating chromatid
condensation. Utilizing a meiosis specific Cre-lox system we show for the first time the
requirement for Aurora kinase B in mouse oocytes and a specific function in regulating
meiotic cohesion. Next we discover the presence of a negative regulatory network among
the Aurora kinases, with Aurora C uniquely required to restrict Aurora A to spindle poles
while Aurora B is required to restrict Aurora C activity. Failure for any of these kinases
to function properly can lead to meiotic arrest, small spindle structures, chromosomal
alignment defects, the premature separation of sister chromatids, and ultimately meiotic
aneuploidy. Finally, we identified the presence of a human variant in the Aurora kinases
that may be protective of gamete euploidy. Understanding how the Aurora kinases
regulate meiosis is critical to our understanding of this unique cell cycle and
correspondingly, how errors in meiosis I can lead to aneuploidy in eggs. The information
discovered in this thesis work provides insight into the basic machinery that controls
meiosis and more importantly will pave the way for the development of appropriate
diagnostics and interventions to help women achieve pregnancy with egg cells containing
the correct number of chromosomes.

iii

Acknowledgements
The journey to completing my doctoral training has not been solitary. Rather I
have been extremely fortunate to have multiple individuals helping me along the way.
First I would like to thank my PhD advisor, Dr. Karen Schindler. You took a chance on a
young student who had zero lab experience and helped me to fall in love with genetics
and meiosis. You taught me everything from how to use a pipette to experimental design
and I know I would not be where I am today without your support. You have been an
amazing mentor, teacher, and friend. You always knew how to push me to become better
but also provided a caring, listening ear when I needed it. Thank you for everything you
have done.

Next I want to thank everyone in the Schindler Lab past and present who have
been such amazing colleagues throughout this journey. Amanda Iorio, you have been my
partner from essentially day 1 in the lab and I am forever grateful to you. Your
intelligence, organization, wit, humor, and microinjection skills were essential to me
completing this degree. I could not have done it without you! To the postdocs in the lab
Ahmed Balboula, Suzanne Quartuccio, Jessica Fellmeth, Cecilia Belengini, and Berta
Vazquez you have always provided support and guidance throughout these 5 years. I
knew I could always come to you to discuss experiment design, analysis techniques, and
results. Or even to just have a coffee and chat for a few moments. Thank you!

iv

To my husband, Kevin Nguyen, for being my best friend, shoulder to cry on, latenight lab buddy, and just being overall amazing throughout this journey. I could not have
asked for a better partner to share this experience with. I am forever grateful to you.

To my mother, I would not have chased my dreams without your support. I never
thought I could have accomplished so much but you always pushed me to be myself, to
pursue what my heart desired, and most importantly to always give it my all. You never
doubted that I could do it, even when I did. You provided an ear when I needed it and
helped spark a fire under me when I needed that as well. I am lucky to have you as a
mom. To my father, for teaching me about the environment and for sparking my interest
in studying the world around me. I will never forget all the trips we went on where you
would point out the various animals and plants. You always taught me to respect the
environment and all its inhabitants, and to this day that lesson still is an important part of
who I am. And to the rest of my family, my father, brothers, grandparents, aunts and
uncles, that always taught me to dream big and not be afraid of failure.

I would also like to thank my first research mentors Dr. Joseph Butler and Kris
Amatuli. You both always believed in me and pushed me to always give it my all. You
taught me to strive for excellence, to never give up, to dream big and to enjoy the ride
along the way. I will always remember my first days in the field, when we discovered our
first gopher tortoise nest, building our robot, and my first presentation at a scientific
conference! Thank you for everything you do and for dedicating yourselves to getting
students excited about science and research!

v

Finally, to all of my friends that have supported me along the way! I am forever
indebted to you; Erica Shello, Bri Kosch, Dan Dobalo, Paige Appleton, Jordan Shyi, Paul
Mullin, and my entire Endorphin Crossfit family.

And I cannot finish without thanking my additional family members, my dogs
Ramses and Raji, and my cat Tom. You provided the much-needed love and emotional
support one needs through the crazy ride that is a PhD thesis!

Thank You!

vi

Dedication
To my mother for always pushing me to be independent, strong, and to follow my
dreams.

vii

Table of Contents

Abstract of the Dissertation

ii

Acknowledgements

iv

Dedication

vii

List of Figures

xii

List of Tables

xv

Chapter I: Introduction

1

The Life of an Oocyte

8

Initiation and Recombination

8

Arrest and Growth

14

Completion of Meiosis I and Ovulation

18

The Aurora Kinase Family

25

Regulation of Localization and Activity

28

AURKA

28

AURKB

30

AURKC

31

Separating AURKB and AURKC Function
Aurora Kinase Functions

37
40

Regulation of Spindle dynamics

40

Chromosome Condensation and Cohesion: AURKB and AURKC

42

viii

Kinetochore–Microtubule Attachments and Error Correction:

43

AURKB and AURKC, and Surprisingly AURKA
The Spindle Assembly Checkpoint: AURKB and AURKC

49

Cytokinesis

50

Human Variants

50

Concluding Remarks

52

Chapter II: Phosphorylation of Threonine 3 on Histone H3 by Haspin Kinase

53

is Required for Meiosis I in Mouse Oocytes

I.

Preface

54

II.

Abstract

54

III.

Introduction

55

IV.

Materials and Methods

57

V.

Results

63

i. Haspin Protein Kinase Expression, Activity and Localization During

63

Meiosis in Mouse Oocytes
ii. Haspin Activity is Required for Meiotic Progression

67

iii. Alteration of Haspin Activity Perturbs Chromosome Morphology by

73

Delocalizing Condensin
iv. Alteration of H3pT3 Levels Prevents AURKC-CPC from Localizing to
Meiosis I Interchromatid Axis

ix

78

v. Inhibition of Haspin Perturbs Kinetochore-Microtubule Attachments

84

Causing Aneuploidy
VI.

Discussion

87

Chapter III: Genetic interactions among the three Aurora kinases reveal
new functions in mammalian female meiosis

95

I.

Preface

96

II.

Abstract

96

III.

Introduction

96

IV.

Materials and Methods

99

V.

Results

108

i.

Mice With Oocytes That Lack AURKB/C are Fertile

108

ii.

AURKA Localizes to Chromosomes and Phosphorylates

111

AURKB/C Substrates in Double Knockout Oocytes
iii.

AURKA Chromosomal Localization is INCENP-Dependent

116

iv.

AURKC is Required to Restrict AURKA to Spindle Poles

118

v.

AURKB Knockout Eggs are Aneuploid with Prematurely

123

Separated Sister Chromatids
vi.

Reduction of AURKC Rescues the Phenotypic Defects

127

in AURKB cKO oocytes
VI.

Discussion

129

x

Chapter IV: Identification and Characterization of Aurora Kinase B

138

and C Variants Associated with Maternal Aneuploidy

I.

Preface

139

II.

Abstract

139

III.

Introduction

142

IV.

Materials and Methods

144

V.

Results

154

i. Identification of AURKB and AURKC Variants

154

ii. Confirmation of Variants and Determination of Allele Frequencies

157

iii. AURKC-179V is a Benign Variant

159

iv. AURKB-L39P may be a Gain-Of-Function Allele

161

Discussion

165

VI.

Chapter V: Conclusion and Discussion

171

Conclusions

173

Limitations to Interpretations

176

Future Directions

181

Discussion

183

Concluding Remarks

184

Literature Cited

186

xi

Lists of Figures

Figure 1 – Comparison of Mitosis to Mammalian Female Meiosis
Figure 2 – Mammalian Oogenesis
Figure 3 – Phases of Meiotic Prophase
Figure 4 – Key Meiotic Events from a Chromosomal Perspective
Figure5 – Stages of Meiotic Maturation in Mouse Oocytes
Figure 6 – Evolutionary Relationships Between the Aurora Kinases
Figure 7 – Aurora Kinase Expression in Mouse Oocytes
Figure 8 – Aurora Kinase Localization in Mammalian Mitosis and Meiosis
Figure 9 – Interchromatid Axis Localization of Aurora Kinase C in Mouse Oocytes
Figure 10 – Hypothesized Mechanism of AURKB-CPC and AURKC-CPC Spatial
Distribution To Explain Separation of Function in Germ Cells
Figure 11 – Lateral and End-on Kinetochore-Microtubule Attachments in Mouse
Oocytes
Figure 12 – Mouse Oocytes Contain Active Haspin Protein Kinase
Figure 13 – Inhibition of Haspin Perturbs Meiosis I
Figure 14 – Kinetics of H3pT3 Loss in 5-Iodotubercidin.
Figure 15 – Inhibition of Haspin with CHR-6494
Figure 16 – Perturbation of Haspin Alters Metaphase I Chromosome Morphology
Figure 17 – Perturbation of Haspin Does Not Affect Sister Chromatid Cohesion at
Metaphase I

xii

Figure 18 – Inhibition of Haspin Perturbs AURKC-CPC Interchromatid Axis
Localization
Figure 19 – Inhibition of Haspin after Nuclear Envelope Breakdown Perturbs AURKCCPC Interchromatid Axis Localization at Metaphase I
Figure 20 – Overexpression of Haspin Perturbs AURKC-CPC Interchromatid Axis
Localization at Metaphase I
Figure 21 – Perturbation of Haspin Alters Kinetochore–Microtubule Attachments and
Causes Aneuploidy
Figure 22 – Double Knockout Females are Subfertile
Figure 23 – AURKA Acts as a CPC Kinase in Double Knockout Oocytes
Figure 24 – Chromosome Localized AURKA is Active in Double Knockout Oocytes
Figure 25 – AURKA Phosphorylates Hec1 in the Absence of AURKB and AURKC
Figure 26 – Chromosomal AURKA Depends on INCENP in Double Knockout Oocytes
Figure 27 – AURKC Prevents AURKA from Localizing to Chromosomes
Figure 28 – AURKB Knockout Eggs are Aneuploid with Prematurely Separated Sister
Chromatids
Figure 29 – AURKC Localization and Activity is Perturbed in AURKB Knockout Eggs
Figure 30 – A Single Copy of AURKC is sufficient to restrict AURKA to Spindle Poles
Figure 31 – AURKB Restricts AURKC Activity in Female Meiosis
Figure 32 – Schematic of the three variant-calling methods
Figure 33 – Detection and confirmation of AURKB and AURKC variants
Figure 34 – AURKC-I79V is indistinguishable from wild-type
Figure 35 – AURKB-L39P localization is normal

xiii

Figure 36 – The expression level of human AURKB alters its subcellular localization in
mouse oocytes.
Figure 37 – AURKB-L39P corrects misaligned chromosomes more efficiently that WT
AURKB

xiv

List of Tables
Table 1 – Summary of Aurora Kinase Localization and Function in Mammalian Mitosis
and Meiosis
Table 2 – SNVs identified by the three variant-calling pipelines GATK, SAMtools and
VarScan 2.
Table 3 – Annotation of selected variants
Table 4 – Primer sequences and targeted regions used for Aurora Kinase B and Aurora
Kinase C Ion Ampliseq target sequencing

xv

1

Chapter I:
Introduction
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Preface
The material in this Introduction draws heavily on the author's previously published
literature reviews (Nguyen and Schindler 2017, Radford, Nguyen et al. 2017). Some
verbatim extracts have been included. My contributions to these papers included figure
generation, manuscript writing, and editing.
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Through a Darwinian perspective, the fundamental purpose of life is the
perpetuation of an individuals genes to the next generation (Darwin 1859). However,
reproduction, and thus the preservation of an organism’s unique genetic code, is a
complex and often error filled process. In sexually reproducing organisms, specialized
haploid gametes provided from the mother and father, known as egg and sperm
respectively, must fuse together to produce a diploid embryo. Proper formation of these
gametes is critical to the creation of a viable embryo and inaccuracies in this process can
lead to infertility, miscarriage or birth defects. To produce haploid gametes, precursor
germ cells undergo a cellular division known as meiosis, in which a diploid gamete
undergoes two subsequent divisions, without an intervening round of DNA replication.
Reduction of the chromosome compliment in half, paired with the meiosis-specific
process of homologous recombination, generates haploid gametes that are genetically
distinct from the starting diploid precursor cell. This division is distinct from mitosis in
which clonal daughter cells are formed following a single division of identical sister
chromatids (Fig. 1).

It is crucial that these meiotic divisions occur accurately because errors in
chromosome segregation often result in aneuploidy, in which a cell contains too many or
too few chromosomes. Aneuploidies are frequently incompatible with life, and in
humans, are the major genetic contributor to miscarriage, infertility, developmental
disabilities, and failure of in vitro fertilization (Jacobs, Baikie et al. 1959, Lejeune,
Gautier et al. 1959, Lejeune, Turpin et al. 1959, Hassold and Jacobs 1984, Hassold,
Jacobs et al. 1987, Hassold, Arnovitz et al. 1990, May, Jacobs et al. 1990, Takaesu,
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Jacobs et al. 1990, Jacobs 1992, Hassold and Hunt 2001, Hassold, Burrage et al. 2001,
Hall, Chan et al. 2007, Hall, Surti et al. 2007, Hassold, Hall et al. 2007). Although
aneuploidy is rare in most organisms, humans are particularly prone to chromosomal
abnormalities, with 10–30% of fertilized eggs being aneuploid, accounting for nearly one
third of miscarriages (Hassold and Jacobs 1984, Jacobs 1992, Hassold, Abruzzo et al.
1996, Hassold and Hunt 2001). This high rate of maternally derived aneuploidies is in
stark contrast to significantly lower rates in spermatozoa of 1-2% (Hassold and
Matsuyama 1979, Hassold, Chiu et al. 1984, Hassold and Jacobs 1984, Hassold, Sherman
et al. 1995, Hassold 1998, Hassold and Hunt 2001). As a result, the work highlighted here
focuses on the various sources of female infertility.

The majority of maternally derived aneuploidies occur in the first meiotic division
(Hassold, Arnovitz et al. 1990, Hassold, Abruzzo et al. 1996, Hassold and Hunt 2001,
Hall, Compton et al. 2007, Hassold, Hall et al. 2007, Jones 2008, Nagaoka, Hassold et al.
2012, Fragouli, Alfarawati et al. 2013, Ottolini, Newnham et al. 2015, Webster and
Schuh 2017). However, in male gametes this division is significantly less problematic
(Hall, Chan et al. 2007). Studies into the causes of human trisomies, in which three
copies of a chromosome are present, indicate that maternal meiosis I (MI) errors account
for greater than 56% of all occurrences in both male and female meiosis (Hall, Surti et al.
2007, Hassold, Hall et al. 2007). While some trisomies are viable with life (Trisomy 21,
Down syndrome), the majority of chromosomal aneuploidies (including monosomies, in
which only a single chromosome copy is present) result in death in utero, suggesting that
the predicted aneuploidy rate of 10-30% in humans may be far greater (Hassold, Arnovitz
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et al. 1990, Hassold, Abruzzo et al. 1996, Hassold and Hunt 2001, Hassold, Hall et al.
2007, Nagaoka, Hassold et al. 2012, Ottolini, Newnham et al. 2015).

Special characteristics of female meiosis, compared to male meiosis, may
predispose these cells to mis-segregate their chromosomes and transmit aneuploidies to
the next generation. First, female meiosis is not continuous, rather, it is initiated during
fetal development where pre-meiotic DNA replication and homologous recombination
occur, followed by a prolonged arrest in prophase I (Mandl and Zuckerman 1951,
Albertini and Carabatsos 1998). During the arrest, oocyte growth occurs. This arrest lasts
until the organism is reproductively mature, after which a subset of the oocytes will
resume meiosis in response to species-specific regulatory cues (Albertini and Carabatsos
1998). Another potential contributing factor is that once oocytes reach full size, they
cease transcription and remain silent throughout completion of meiosis and early
embryogenesis, relying solely on maternal RNAs generated during oocyte growth
(Moore, Lintern-Moore et al. 1974, Kaplan, Abreu et al. 1982, Bouniol-Baly, Hamraoui
et al. 1999, Christians, Boiani et al. 1999, Liu and Aoki 2002, Miyara, Migne et al. 2003,
Zuccotti, Bellone et al. 2011). Therefore, oocytes rely on recruitment of stored maternal
transcripts for translation to assist in completing meiosis, fertilization, and the subsequent
developmental changes that take place in pre-implantation embryos before zygotic
genome activation (Zuccotti, Bellone et al. 2011).

The precise regulation of meiosis is a choreographed dance involving numerous
proteins that ensure formation of a healthy gamete. The aurora kinases (AURKs) are a
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Mitosis (~2 hr)
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Figure 1. Comparison of Mitosis to Mammalian Female Meiosis. Meiotic and mitotic
cell division are fundamentally different in several aspects, including cell cycle length,
chromosome pairing, spindle formation, the number of divisional events, and genetic
composition of the daughter cell(s). In mitosis, sister chromatids are paired in prophase.
Duplicated centrosomes begin to nucleate microtubules, forming a spindle like structure
outside the intact nuclear membrane. In metaphase, paired sister chromatids align at the
center of a bipolar spindle. In anaphase/telophase sister chromatids are separated and
pulled to opposite sides of the spindle apparatus. After cytokinesis, two identical “clonal”
cells are formed. The cells will remain in G0 until signaled to reenter the cell cycle. In
female meiosis, sister and homologous chromosomes are paired in prophase I, with a
chiasmata holding homologous pairs together. In metaphase of meiosis I, multiple
microtubule organizing centers (MTOCs) coalesce to form a bipolar spindle.
Homologous chromosomes align at the metaphase plate, with sister chromatid pairs
attached to a single spindle pole. In anaphase I/telophase I, homologous chromosomes are
separated while sister chromatids remain intact. Cytokinesis is asymmetrical with one
half of the DNA complement being extruded into a small polar body. Sister chromatids
next align in metaphase of meiosis II. Here the egg will arrest awaiting fertilization. Once
penetrated by sperm, meiosis will resume with sister chromatids separating in anaphase
II/telophase II. Again this division is asymmetrical; with another small polar body
extruded containing one set of sister chromatids. The male pronuclei will remain near the
cell cortex opposite of the dividing maternal chromosomes. Finally, the paternal
pronuclei will fuse with the maternal DNA to generate a one-cell zygote.

7
conserved family of protein kinases, key in coordinating this dance in mitosis and meiosis
(Nigg 2001, Carmena and Earnshaw 2003, Brown, Koretke et al. 2004). These kinases
act as molecular switches, regulating multiple processes in cell division including but not
limited to; spindle organization, chromosome alignment, the spindle assembly checkpoint
(SAC), the abscission checkpoint, and cytokinesis (Glover, Leibowitz et al. 1995,
Kimura, Kotani et al. 1997, Petersen, Paris et al. 2001, Kufer, Sillje et al. 2002, Bayliss,
Sardon et al. 2003, Carmena and Earnshaw 2003, Shuda, Schindler et al. 2009, Schindler,
Davydenko et al. 2012, Balboula and Schindler 2014, Quartuccio and Schindler 2015,
Nguyen and Schindler 2017). Failure to perform any of these functions accurately can be
devastating to the cell resulting in cell death or the generation of an aneuploid gamete.
Elucidating the roles of these kinases and how they function is essential in our
understanding of what defines a normal meiotic division. This information provides a
foundation for our understanding of fertility and can provide invaluable information and
tools for helping patients struggling to reproduce. This introduction will highlight the
current understanding of the functions of the AURKs in female meiosis, including
regulatory proteins and substrates, similarities and differences among the kinases, and
how mammalian oocytes coordinate three aurora kinases to promote accurate
chromosome segregation and support fecundity.
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The Life of an Oocyte

Initiation and Recombination
The formation of primordial germ cells (PGCs) from pluripotent precursors
begins, in many animals, early in fetal development (Chiquoine 1954, Baker 1963,
Ginsburg, Snow et al. 1990, Lawson and Hage 1994, Saffman and Lasko 1999, Hayashi,
Zhu et al. 2007, Mikedis and Downs 2012, Irie, Weinberger et al. 2015). An intricate list
of germ cell-derived transcription factors, including but not limited to; BMP2/4/7,
BLIMP1, PRDM14, OCT4, NANONG, FIGa, NANOS, and DND1, are critical at this
time for PGC proliferation, migration, and survival (Richards, Enders et al. 1999, Soyal,
Amleh et al. 2000, Pesce, Klinger et al. 2002, Tsuda, Sasaoka et al. 2003, Kehler,
Tolkunova et al. 2004, Martin, Walther et al. 2004, Puglisi, Montanari et al. 2004,
Ohinata, Payer et al. 2005, Youngren, Coveney et al. 2005, Ross, Munger et al. 2007,
Yamaji, Seki et al. 2008, Yamaguchi, Kurimoto et al. 2009, Julaton and Reijo Pera 2011,
Jagarlamudi and Rajkovic 2012, Sanchez and Smitz 2012). Owing to their necessity at
this developmental period, mutations in any of these factors can lead to infertility in both
men and women (Richards, Enders et al. 1999, Soyal, Amleh et al. 2000, Pesce, Klinger
et al. 2002, Tsuda, Sasaoka et al. 2003, Kehler, Tolkunova et al. 2004, Martin, Walther et
al. 2004, Puglisi, Montanari et al. 2004, Ohinata, Payer et al. 2005, Youngren, Coveney
et al. 2005, Ross, Munger et al. 2007, Yamaji, Seki et al. 2008, Yamaguchi, Kurimoto et
al. 2009, Julaton and Reijo Pera 2011, Jagarlamudi and Rajkovic 2012, Sanchez and
Smitz 2012). As early as 8 weeks in fetal development in humans, (days post conception
(dpc)11.5 in mice) PGCs will have moved to the gonadal ridge where environmental

9
signals will initiate one of two distinct cell division programs: oogenesis or
spermatogenesis (Nikolic, Volarevic et al. 2016).

In the female gonad, PGCs will begin to divide, giving rise to oogonia, the mitotic
precursors of oocytes (Fig. 2) (Nikolic, Volarevic et al. 2016) (Baker 1963, Ginsburg,
Snow et al. 1990, Edson, Nagaraja et al. 2009, Pepling 2012). The oogonia will divide
incompletely several times, generating germline cysts or nests composed of early oocytes
interconnected by cytoplasmic bridges (Fig. 2) (Kloc, Bilinski et al. 2004, Greenbaum,
Ma et al. 2007, Marlow and Mullins 2008, Lei and Spradling 2013). Approximately 7
million oocytes will be present at this stage in humans (Baker 1963, Persani, Rossetti et
al. 2010). After several rounds of incomplete mitotic divisions, the oogonial cells will
enter meiosis. This transition transforms the oogonia within a cyst into individual oocytes
that will eventually separate and become surrounded in somatic granulosa cells forming a
follicle (Fig. 2) (Kloc, Bilinski et al. 2004, Greenbaum, Ma et al. 2007, Marlow and
Mullins 2008, Lei and Spradling 2013).

While the presence of egg-producing stem cells is controversial, it is thought that
once all PGCs have completed this differentiation process and have entered meiosis, the
cells loose their stem cell qualities and are no longer able to generate additional oocytes.
As a result, all the oocytes that a female mammal will ever have are established in early
fetal development. This process differs significantly from the program employed in male
mammals in which PGCs retain their pluripotent lineage throughout the organism’s
lifespan (Mandl and Zuckerman 1951, Block 1952, Baker 1963, Faddy, Gosden et al.
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1992, Gougeon, Ecochard et al. 1994, Saffman and Lasko 1999, Johnson, Canning et al.
2004, Hansen, Knowlton et al. 2008). Consequentially, with the innate fertility of a
mammalian female laid out and finalized in early fetal development, errors in any of
these processes can be drastic to the fertility of the adult female.

After pre-meiotic DNA replication, expression of retinoic acid (Bowles, Knight et
al. 2006, Bowles and Koopman 2007), and subsequently the cytoplasmic factor STRA8,
will trigger oocytes to enter the first phase of Meiosis I (MI), called Prophase I (Menke,
Koubova et al. 2003, Baltus, Menke et al. 2006, Bowles, Knight et al. 2006, Koubova,
Menke et al. 2006, Zhou, Li et al. 2008). Prophase I is divided into 5 phases: Leptotene,
Zygotene, Pachytene, and Diplotene/Diakinesis (Fig. 3, 4). In Leptotene, meiotic
recombination is initiated as the topoisomerase II-like protein, SPO11 (Romanienko and
Camerini-Otero 2000, Keeney 2001), induces double strand breaks (DSBs) along the
length of the chromosomes. Simultaneously, axial elements (SCP2 and SCP3) of the
synaptonemal complex (SC) (Yuan, Liu et al. 2002) along with components of the
cohesin complex(s) begin to localize along duplicated sister chromatid arms (Nasmyth
and Haering 2009, Lee and Hirano 2011, Llano, Herran et al. 2012, Brooker and
Berkowitz 2014) (Fig. 3, 4). The cohesin complex is a multi-protein complex that
assembles to form a ring structure, enclosing the two sister chromatids and aiding in their
binding. Each cohesin complex is comprised of two structural maintenance of
chromosomes (SMC) hinge subunits (SMC1β, SMC3) that form a heterodimer and
surround the DNA, a kleisin (REC8, RAD21L, RAD21) which effectively closes the ring,
and an additional linker protein (STAG1, STAG2, STAG3) which interacts with the

11

Figure 3. Phases of Meiotic Prophase. Meiosis is initiated early in fetal development in
female mammals with entry into prophase beginning at week 6 (W6) in humans and days
post conception (dpc) 12.5 in mouse. Prophase is the longest stage of meiosis, lasting 1250 years in humans, and is subdivided into 5 phases Leptotene, Zygotene, Pachytene,
Diplotene, and Diakensis. In Leptotene the chromosomes condense and sister chromatids
are paired together. In Zygotene, homologous chromosomes begin to pair and synapse
along their length. While multiple double strand breaks are initiated along the length of
each chromatid, only 1-3 will form chiasmata(s) in Pachytene. The synaptonemal
complex assists in the juxtaposition of homologous chromosomes, favoring the genetic
exchange between homologs over sister chromatids. Finally, in Diplotene and Diakinesis,
the chromosomes will become fully condensed and the oocyte will arrest until triggered
to resume meiosis. Timelines represent the approximate timing of events in both humans
and mouse. Red chromosomes are from the maternal linage while blue chromosomes are
paternally derived.
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kleisin and contributes to maintenance of the ring structure (Hirano 2006, Nasmyth and
Haering 2009, Lee and Hirano 2011, Llano, Herran et al. 2012, Brooker and Berkowitz
2014). While a combination of these components is required for chromatid cohesion,
multiple different cohesin complexes have been suggested to function in meiosis in
oocytes (Rankin 2015).

In Zygotene, homologous chromosomes become paired and begin to synapse
along their length (Fig. 3, 4). Formation of the SC is critical to the juxtaposition of the
homologous chromosomes in Pachytene, promoting the genetic exchange between
homologous chromosomes rather then sister chromatids (Eichinger and Jentsch 2010). In
this stage, the central element proteins of the SC (TEX12, SYCE1, and SYCE1) (Hamer,
Gell et al. 2006) localize and connect to the previously established axial elements (now
referred to as lateral elements). Interlinking of these central and lateral element proteins
forms a zipper-like connection between one pair of sister chromatids to the homologous
pair (Fig. 4) (Hamer, Gell et al. 2006). Once paired, DNA invasion into homologous
sequences will generate crossover sites along the length of the chromatids, initiating the
start of the Pachytene. Crossovers will occur at multiple sites of previously established
DSBs. However, while hundreds of DSBs are initiated, only a small number (1-3) will
resolve as a true crossover in mammals (Crismani and Mercier 2012). This crossover
point, referred to as the chiasmata, and will assist in holding homologous chromosomes
together until the first meiotic division (Fig. 3, 4). In addition, this exchange in
homologous chromosomes provides new combinations of genes, not found
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Figure 4. Key Meiotic Events from a Chromosomal Perspective. Duplicated and
recombined chromosomes are segregated during two meiotic divisions. Blue chromatids
represent paternal lineage while red chromosomes are maternal. Duplicated sister
chromatids are paired and held together by cohesin subunits (yellow) in meiotic
prophase. Next, homologs are paired and synapsed to allow crossover and final chiasmata
formation. The synaptonemal complex formed along the length of sister chromatids (red)
positions chromosomes to favor the genetic exchange between homologs in contrast to
sister chromatids. In the first meiotic division homologous chromosomes are attached to
opposite poles and separated, with sister chromatids acting as a single cohesive unit. In
the second division, sister chromatids are segregated similar to in mitosis. While only a
single egg is formed, four potential gametes are possible for a single homolog pair.
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in either parent, contributing to genetic diversity (Fig. 3, 4).

The accurate execution of the molecular events in prophase, and correspondingly
throughout meiosis, is vital, and mistakes in this process often contribute to meiotic
aneuploidies. To counteract potentially damaging errors, multiple intricate checkpointsignaling networks are in place. These signaling checkpoints act to delay or arrest the cell
cycle in response to defects in the cellular process. In Pachytene, the meiotic
recombination checkpoint (MRC) (also known as the Pachytene checkpoint) prevents
meiotic progression in the presence of unrepaired recombination intermediates and
incomplete chromosome synapsis (Collins and Jones 2016). Sensor proteins continuously
scan the chromosomes for errors, triggering the localization of the 9-1-1 complex (RAD9,
Hus1, Rad1) to sites of DNA damage (Collins and Jones 2016). These proteins will then
recruit downstream repair genes as well as checkpoint kinases, including the Cyclin
dependent kinases (CDK), that will induce a cell-cycle arrest until all errors are resolved
(Roeder and Bailis 2000, Eichinger and Jentsch 2010).

Arrest and Growth
In the final stage of prophase, Diplotene, the homologous chromosomes will
begin to resolve, but will remain associated at chiasmata sites (Fig. 3, 4). Here the
oocytes arrest in a prolonged resting phase known as dictyate until the follicle is triggered
to undergo final maturation and ovulation (Slizynski 1957, Borum 1961) (Fig. 3).
Multiple signaling molecules are tasked with maintaining this early meiotic arrest. High
levels of cyclic adenosine monophosphate (cAMP) are stored within the oocyte and is
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crucial in maintaining this arrest (Racowsky 1986, Conti, Andersen et al. 2002,
Mehlmann, Jones et al. 2002, Somfai, Kikuchi et al. 2003, Mehlmann, Saeki et al. 2004,
Zhang and Xia 2012, Mehlmann 2013, Wang, Teng et al. 2015, Firmani, Uliasz et al.
2018). While the source of cAMP is disputed, evidence suggests that it is accumulated
via expression within the oocyte paired with an influx through gap junctions coupled to
cumulous cells (Mehlmann, Saeki et al. 2004, Zhang and Xia 2012, Mao, Li et al. 2013).
Sustained levels of cAMP activates protein kinase A (PKA), promoting the negative
regulation of meiotic promoting factors including WEE1 kinase and CDC25B
phosphatase (Lincoln, Wickramasinghe et al. 2002, Han, Chen et al. 2005, Mehlmann
2005, Pirino, Wescott et al. 2009, Holt, Lane et al. 2013, Mehlmann 2013) to keep CDK1
activity off.

At this early stage in folliculogenesis, oocytes are contained within a small
follicle, surrounded by a single layer of flattened (squamous) granulosa cells, and a basal
lamina (Pepling 2006) (Fig. 2). This pool of primordial follicles is believed to make up
the total number of oocytes available to a female mammal in her lifetime, and is referred
to as the ovarian reserve (Faddy, Gosden et al. 1992, Kezele, Nilsson et al. 2002, Pepling
2006). Although a large pool of primordial germ cells will be established early in fetal
development, waves of apoptosis, known as atresia, will reduce these ovarian reserves to
fewer than 1 million at the time of birth. Further waves of atresia will result in roughly 99%
depletion of all oocytes, with only ~400,000 remaining at puberty (Gougeon, Ecochard et
al. 1994, Devine, Payne et al. 2000, De Felici, Klinger et al. 2005, Pepling 2006).

16
After onset of puberty, a small subset of oocytes will be recruited each month
(~30 in humans) to reinitiate development and join a pool of growing follicles (McGee
and Hsueh 2000, De Felici, Klinger et al. 2005, Silber 2015). This process, known as
folliculogenesis, transforms the meiotically incompetent oocytes contained within a
primordial follicle into a meiotically competent oocyte housed within a mature antral
follicle, suitable for ovulation (De Felici, Klinger et al. 2005, Pepling 2006). Recruitment
of primordial germ cells to this follicular pool will continue throughout the life of the
female until all of the primordial follicle-oocyte reserves has been exhausted and
menopause occurs (Pesce, Klinger et al. 2002, Silber 2015).

Once recruited to begin folliculogenesis, the primordial follicle will transition into
a primary follicle, doubling in size while becoming surrounded in cuboidal granulosa
cells (Pepling 2006, Pepling 2012) (Fig. 2). These newly differentiated granulosa cells
will begin to express follicle-stimulating hormone (FSH), and a surge in FSH from the
anterior pituitary, will drive follicular growth (Salomon, Yanovsky et al. 1977, RimonDahari, Yerushalmi-Heinemann et al. 2016).

Throughout this process and the events preceding ovulation, vast amounts of
RNAs and proteins essential for oocyte growth and maturation will be synthesized and
accumulated (Brandhorst 1985, Curtis, Lehmann et al. 1995, Nothias, Majumder et al.
1995, Susor, Jansova et al. 2016). By the end of follicle maturation this transcription will
cease and will be silenced until zygotic genome activation occurs in the embryo (De La
Fuente, Viveiros et al. 2004, Susor, Jansova et al. 2016). Therefore, these stores will be
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crucial for the development and viability of the embryo after fertilization before mitotic
transcription resumes. In preparation for this lengthy transcriptional arrest, oocytes
accumulate upwards of ~6 ng of total RNA, equivalent to almost ~200 times the amount
of RNA present in somatic cells (Sternlicht and Schultz 1981, Wassarman and Kinloch
1992, Sanchez and Smitz 2012). Crosstalk between the oocyte and its surrounding
granulosa cells is also critical, as the differentiating cumulous cells will provide the
growing oocyte with the nutrients and regulatory signals needed to reach developmental
competence (Sanchez and Smitz 2012).

The granulosa cells will continue to proliferate, engulfing the oocyte in a second
layer of cells and transitioning the follicle into a secondary follicle (Pepling 2006,
Pepling 2012)(Fig. 2). This proliferation of granulosa cells is partially promoted by
expression of an oocyte growth factor, growth differentiation factor-9 (GDF9)(Dong,
Albertini et al. 1996, Elvin, Clark et al. 1999, Sadighi, Bodensteiner et al. 2002).
Additionally, the secondary follicle will acquire a theca cell layer, steroidogeneic cells
that provide critical nutrients to the developing follicle (Pepling 2006, Rimon-Dahari,
Yerushalmi-Heinemann et al. 2016) (Fig. 2). The final stage of folliculogenesis is the
formation of the mature, antral follicle or graafian follicle (Rimon-Dahari, YerushalmiHeinemann et al. 2016) (Fig. 2). At this point in size the oocytes will be fully grown and
surrounded by a zona pellucida as well as 6-9 layers of granulosa cells. A fluid filled
cavity called an antrum will also form at one pole of the oocyte (Szybek 1972, RimonDahari, Yerushalmi-Heinemann et al. 2016) (Fig. 2). This cavity will separate the
granulosa cells into two distinct populations, the mural granulosa cells, which line the
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inner wall of the follicle, and the cumulous granulosa cells, which surround the oocyte
(Rimon-Dahari, Yerushalmi-Heinemann et al. 2016) (Fig. 2). Although a group of
follicles are recruited simultaneously, only one will be selected as the dominant follicle
and will be ovulated, while the remaining follicles will be triggered to undergo apoptosis
(Rimon-Dahari, Yerushalmi-Heinemann et al. 2016).

Completion of Meiosis I and Ovulation
A surge in Luteinizing Hormone (LH) from the anterior pituitary will trigger
meiotic resumption of the dominant oocyte and subsequently ovulation (Pakarainen,
Zhang et al. 2005, Sanchez and Smitz 2012). Resultantly, the oocyte and surrounding
cumulous cells will be expelled from the ovary and into the fallopian tube for
fertilization.

Hormonal control of the meiotic G2/M-like transition is complex and requires the
interaction of multiple regulatory networks initiated by the pre-ovulatory LH surge. This
transition is first marked by a drastic drop in cAMP levels within the oocyte (Vivarelli,
Conti et al. 1983, Mattioli, Galeati et al. 1994) and concomitantly the recruitment of
CDC25B phosphatase to the nucleus (Lincoln, Wickramasinghe et al. 2002). Nuclear
localization of CDC25B activates cyclin dependent kinase I (CDK1), inducing meiotic
resumption (Mitra and Schultz 1996, Lincoln, Wickramasinghe et al. 2002, Hiraoka,
Aono et al. 2016).
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Once meiosis has resumed the nuclear envelope will begin to dissolve in prometaphase, often referred to as nuclear envelope breakdown (NEBD). The condensed
chromosomes will begin to attach to a budding meiotic spindle as growing microtubules
dynamically capture kinetochores. Oocytes in many organisms take a unique approach to
forming a spindle, with microtubule assembly occurring in the absence of centrosomes.

In mouse oocytes, microtubules are nucleated from disperse, small-sized,
cytoplasmic foci of pericentriolar material (PCM), known as microtubule organizing
centers (MTOC) (Albertini 1992, Combelles and Albertini 2001, Schuh and Ellenberg
2007, Clift and Schuh 2015, Balboula, Nguyen et al. 2016), (Luksza, Queguigner et al.
2013). Mouse oocytes contain a large number of acentriolar MTOCs (Szollosi, Calarco
et al. 1972) that assemble microtubules at a rate similar to centriole-containing
centrosomes in mitotic cells (Schuh and Ellenberg 2007). Prior to NEBD, an oocyte has
1–3 MTOCs, and this number increases to ∼30 upon NEBD, possibly due to MTOC
fragmentation rather than de novo synthesis (Clift and Schuh 2015). Recent work in fly
(drosophila melanogaster), worms (Caenorhabditis elegans), frogs (Xenepous laveis),
and human oocytes however, suggest the use of MTOCs may be rodent specific
(Sampath, Ohi et al. 2004, Srayko, O'Toole E et al. 2006, Dumont, Million et al. 2007,
Kelly, Sampath et al. 2007, Goshima, Mayer et al. 2008, Lawo, Bashkurov et al. 2009,
Uehara, Nozawa et al. 2009, Tseng, Tan et al. 2010, Cesario and McKim 2011, Petry,
Pugieux et al. 2011, Radford, Jang et al. 2012, Holubcova, Blayney et al. 2015, SanchezHuertas and Luders 2015, Das, Shah et al. 2016). To circumvent the lack of centrosomes
these cells instead rely on alternative pathways including RanGTP, Augmin, Katanin, and
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even the CPC to recruit microtubule-nucleating factors and organize spindle microtubules
into a bipolar spindle (Meunier and Vernos 2016)((Nachury, Maresca et al. 2001,
Sampath, Ohi et al. 2004, Srayko, O'Toole E et al. 2006, Dumont, Million et al. 2007,
Kelly, Sampath et al. 2007, Goshima, Mayer et al. 2008, Lawo, Bashkurov et al. 2009,
Uehara, Nozawa et al. 2009, Tseng, Tan et al. 2010, Cesario and McKim 2011, Petry,
Pugieux et al. 2011, Radford, Jang et al. 2012, Holubcova, Blayney et al. 2015, SanchezHuertas and Luders 2015, Das, Shah et al. 2016)

By metaphase, the MTOCs will have clustered to form two dominant spindle
poles, forming a bipolar spindle (Clift and Schuh 2015)(Fig. 5). The chromosomes,
attached to the microtubules via kinetochore protein complexes docked at the centromere,
will align along the metaphase plate, the midzone of the bipolar spindle (Nicklas 1967,
Tanaka, Fuchs et al. 2000, Dewar, Tanaka et al. 2004, Nasmyth 2015)(Fig. 5).
Importantly, in contrast to mitosis in which sister chromatids are attached to opposite
poles, in MI homologs must be bi-oriented with respect to the spindle axis (Nicklas 1967,
Tanaka, Fuchs et al. 2000, Dewar, Tanaka et al. 2004, Nasmyth 2015). To allow this
unique chromosome configuration, sister chromatids must act as a single cohesive unit,
connecting to the microtubules from same spindle pole (Patel, Tan et al. 2016). Once all
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Figure 5. Stages of Meiotic Maturation in Mouse Oocytes. Prophase I-arrested oocytes
from CF1 mice were matured in vitro to the various stages in meiosis: prophase I (0 h),
metaphase (Met) I (7 h), anaphase (10 h), or metaphase II (16 h), before fixation and
immunocytochemistry to detect spindle (α-tubulin; green in merge) and DNA (4,6diamidino-2-phenylindole, DAPI; blue in merge). Optical zoom images of DNA and
spindle are shown on the right in grey. In prophase I the nucleus, classically referred to as
the germinal vesicle (GV), remains intact. The nucleolus is visible at the center of the
nucleus. Microtubule-organizing centers (MTOCs, green) are attached to the nuclear
membrane. Once meiosis resumes chromosomes align along the metaphase plate,
organized by a bipolar spindle that moves to the cell cortex. In anaphase/telophase I
homologous chromosomes are segregated. In metaphase II a polar body is visible that
contains half of the chromosome complement. Within the main body of the egg, sister
chromatids align along a metaphase plate and the cell arrests until fertilized by sperm.
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chromosomes are aligned, the entire spindle apparatus will rotate and move to the cell
cortex, positioning a single pole perpendicular to the cell periphery (Verlhac, Lefebvre et
al. 2000, Leader, Lim et al. 2002, Brunet and Maro 2005, Na and Zernicka-Goetz 2006,
Deng, Suraneni et al. 2007, Dumont, Million et al. 2007, Halet and Carroll 2007)(Fig. 5).
Premature transition into anaphase before all homologous chromosomes have bioriented could lead to the formation of aneuploid eggs. To counteract the mis-segregation
of chromosomes, a molecular signaling checkpoint, referred to as the spindle assembly
checkpoint (SAC), localizes to kinetochores in pro-metaphase, delaying the metaphaseanaphase transition until all kinetochores are correctly bi-oriented (Vogt, KirschVolders et al. 2008, Gorbsky 2015). The SAC (composed of BUB1, BUB3,
BUBR1/Mad3, MAD1, MAD2, and MPS1) acts to delay this transition by inhibiting
the anaphase promoting complex/cyclosome (APC/C) and preventing the activity of
Separase, a cysteine protease required for cohesin cleavage (Brunet, Pahlavan et al.
2003, Ditchfield, Johnson et al. 2003, Lens, Wolthuis et al. 2003, DeAntoni, Sala et al.
2005, Nezi, Rancati et al. 2006, Vogt, Kirsch-Volders et al. 2008, Kawashima,
Yamagishi et al. 2010, Gui and Homer 2012, Krenn, Wehenkel et al. 2012, Yamagishi,
Yang et al. 2012, Krenn, Overlack et al. 2014, Gorbsky 2015, Zich, May et al. 2016).
Inhibition of the APC/C by the SAC depends on the sequestration of the APC
activator CDC20 by core SAC components (BUB3, BUBR1, and MAD2) in the
mitotic/meiotic checkpoint complex (MCC)(DeAntoni, Sala et al. 2005, Nezi, Rancati
et al. 2006, Vogt, Kirsch-Volders et al. 2008, Holt, Lane et al. 2013, Wang,
Beauchemin et al. 2014, Weaver, Limzerwala et al. 2016, Zich, May et al. 2016).
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In response to improperly attached kinetochores, MPS1 phosphorylates KNL1, a
kinetochore-associated protein of the KNL1-MIS12-NDC80 complex (KMN) that acts as
a microtubule acceptor (Yamagishi, Yang et al. 2012). While the direct regulation of
SAC localization remains unclear, KNL1 phosphorylation is thought to recruit additional
SAC components, promoting the formation of the MCC and the sequestration of CDC20
(Krenn, Wehenkel et al. 2012, Yamagishi, Yang et al. 2012, Holt, Lane et al. 2013,
Krenn, Overlack et al. 2014, Kim and Yu 2015, Rago, Gascoigne et al. 2015). Once all
kinetochore attachments are resolved, the MCC is dispersed, releasing CDC20 to bind to
the APC/C. Binding of CDC20 to the APC/C activates the complex and directs the
ubiquitination and destruction of Securin, a protein responsible for the inactivation of
Separase (Vogt, Kirsch-Volders et al. 2008, Clift, Bizzari et al. 2009, Sharif, Na et al.
2010, Gui and Homer 2012, Sebestova, Danylevska et al. 2012). Free Separase will
localize to the chromosomes, cleaving cohesin and releasing the tension between
homologous chromosomes. Additional control of the SAC is through elevated
CyclinB/CDK1 levels, which must be degraded before anaphase onset (Holt, Lane et al.
2013).

The SAC is also functional in mitosis and is sensitive to a single mis-attached
chromosome (Vogt, Kirsch-Volders et al. 2008). However, in mouse oocytes the SAC
maybe less stringent, requiring multiple improperly bi-oriented chromosomes to inhibit
anaphase onset (LeMaire-Adkins, Radke et al. 1997, Kouznetsova, Lister et al. 2007,
Lister, Kouznetsova et al. 2010, Kitajima, Ohsugi et al. 2011, Gui and Homer 2012,
Kolano, Brunet et al. 2012, Lane, Yun et al. 2012, Sebestova, Danylevska et al. 2012).
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Recent work suggests the leakiness of the SAC in meiosis may be a byproduct of the
large size of the oocyte, which produces a relative dilution in SAC protein activity (Galli
and Morgan 2016, Kyogoku and Kitajima 2017, Lane, Morgan et al. 2017).

At anaphase onset, the microtubules will begin to depolymerize, separating the
homologous chromosome pairs and pulling them to opposite sides of the spindle (Vogt,
Kirsch-Volders et al. 2008)(Fig. 5). To aid in this separation, the cysteine protease,
Separase, hydrolyzes the cohesin molecules, thereby cleaving the molecular glue
localized along the chromatid arms (Kudo, Wassmann et al. 2006, Lee, Okada et al.
2006). To prevent premature separation of the sister chromatids in meiosis I, a protector
protein, Shugoshin, localizes to centromeres in metaphase I and prevents cleavage of
centromere-localized cohesins (Kitajima, Kawashima et al. 2004, Lee, Kitajima et al.
2008, Lister, Kouznetsova et al. 2010, Tanno, Kitajima et al. 2010, Yun, Lane et al.
2014). The formation of a cleavage furrow, a ring of actin and myosin surrounding the
center of the spindle apparatus, will initiate entrance of the oocyte into telophase, the
final stage of meiosis I (Mishima, Kaitna et al. 2002, D'Avino and Glover 2009, Carmena
2012, Green, Paluch et al. 2012, Maddox, Azoury et al. 2012, Mierzwa and Gerlich 2014,
Nahse, Christ et al. 2017). Importantly, movement of the spindle apparatus to the cell
cortex in metaphase allows for an asymmetric division upon cytokinesis, the final
cytoplasmic division of the two daughter cells (Verlhac, Lefebvre et al. 2000, Leader,
Lim et al. 2002, Brunet and Maro 2005, Na and Zernicka-Goetz 2006, Deng, Suraneni et
al. 2007, Dumont, Million et al. 2007, Halet and Carroll 2007). This separation generates
a large oocyte containing one half of the DNA compliment and a small polar body,
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containing the remaining DNA (Fig. 5). After separation of the homologous
chromosomes, the oocyte will proceed immediately into metaphase of meiosis II. Similar
to the first meiotic division, MTOCs will congregate to form a bipolar spindle while
sister chromatid pairs align along the metaphase II plate. In mammals, oocytes will arrest
at this stage until fertilization from sperm (Fig. 5). Similar to the G2/M transition, the
MII arrest in mammalian oocytes is characterized by a high activity of CDK1 (Holt, Lane
et al. 2013).
THE AURORA PROTEIN KINASE FAMILY
The complex molecular signaling in female meiosis involves numerous enzymes
working in tandem to ensure proper chromosome segregation. One family of kinases
critical to these processes that has not yet been discussed in this review is the Aurora
kinases (AURKs). This family of serine/threonine kinases is conserved in organisms
ranging from yeast to man and are critical to cell division in both mitosis and meiosis
(Fig. 6). However, while essential, the number of AURK isoforms expressed in different
organisms, and even cell types within organisms, differs significantly. Many eukaryotes
express two Aurora kinases in mitosis and meiosis: one that is pole-associated (Aurora A,
AURKA), and one that localizes predominantly to chromosomes (Aurora B, AURKB).
However, many simple eukaryotes, including Saccharomyces cerevisiae (baker’s yeast)
complete these divisions utilizing a single Aurora kinase (IPL1, AURKA/B like) (Fig. 6).
While commonly the pole-associated Aurora has been defined across phylum as AURKA
and the chromosome- associated Aurora, AURKB, the designation of an Aurora kinase as
either A or B does not always reflect their evolutionary relationships. For example,
mammalian AURKA is phylogenetically more closely related to mammalian AURKB
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Figure 6. Evolutionary Relationships Between the Aurora Kinases. Unrooted
phylogenetic tree, assembled using the maximum likelihood method based on the JTT
matrix-based model (Felsenstein 1992, Jones, Taylor et al. 1992). The tree with the
highest log likelihood is shown. Initial trees for the heuristic search were obtained
automatically by applying neighbor-joining and BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model and then selecting the topology with superior log
likelihood value. The tree is drawn to scale, with branch lengths measured in the number
of substitutions per site. The analysis involved 22 amino acid sequences. All positions
containing gaps and missing data were eliminated. There were a total of 261 positions in
the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar, Stecher et
al. 2016). All three mammalian Auroras cluster together, indicating independent
evolution of Aurora A/B in mammals, Drosophila and C. elegans.
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than to AURKA in Drosophila (Fig. 6) (Brown, Koretke et al. 2004).
Uniquely, the mammalian genome encodes three AURK isoforms (aurora kinases
A–C: AURKA, AURKB, and AURKC) (Fig. 6). AURKA is expressed in mitotic and
meiotic cells and localizes to spindle poles to regulate spindle mechanics (Fig. 7, 8)
(Table 1) (Giet, Petretti et al. 2005, Barr and Gergely 2007). AURKB is also expressed in
mitosis and meiosis with dynamic protein localization: first localizing to chromosomes at
metaphase where it regulates chromosome alignment and kinetochore–microtubule (K–
MT) attachments, and then in anaphase localizing to the spindle midzone to assist in
cytokinesis (Fig. 7, 8) (Table 1) (Carmena and Earnshaw 2003, Glotzer 2009, Green,
Paluch et al. 2012, Mierzwa and Gerlich 2014). AURKC expression is primarily
restricted to germ cells and has higher sequence similarity to AURKB than to AURKA
(Fig. 7, 8) (Table 1) (Sasai, Katayama et al. 2004, Slattery, Mancini et al. 2009,
Schindler, Davydenko et al. 2012). AURKC localization is a hybrid of AURKA and
AURKB in mitosis because it localizes to spindle poles and chromosomes in metaphase,
and to the spindle midzone in anaphase (Fig. 8, 9) (Table 1) (Balboula and Schindler
2014, Nguyen, Gentilello et al. 2014, Balboula, Nguyen et al. 2016). Found only in
mammals, AURKC may have arisen from a gene duplication event of an ancestral
AURKB/C gene found in cold-blooded vertebrates (Fig. 6) (Brown, Koretke et al. 2004).
The conservation of a third AURK in mammalian meiosis has been a mystery in gamete
biology for decades. Why do gametes require the presence of an additional AURK
compared to their mitotic counterparts?
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The unique reductional division of meiosis I, together with prolonged periods of
cell-cycle arrest make it enticing to imagine that a third AURK is required to mediate
specific roles unique to oocyte meiotic maturation. Understanding these functions, and
how AURKC interacts with the other two homologs, will be crucial for understanding the
complex inner workings of meiosis and hopefully will shed light on why aneuploidies are
frequent in humans.

Regulation of Localization and Activity

AURKA
In metaphase I (Met I) and metaphase II (Met II), AURKA localizes to spindle
poles where its activity is important for regulating spindle organization (Fig. 8) (Table 1)
(Carmena and Earnshaw 2003, Yao, Zhong et al. 2004, Saskova, Solc et al. 2008). Work
in Xenopus laevis egg extracts showed AURKA localization and activation requires the
microtubule-associated protein TPX2 (targeting protein for Xklp2) (Eyers, Erikson et al.
2003, Eyers and Maller 2004, Tsai and Zheng 2005). Knockout of Tpx2 in mice using a
conditional gene-trap strategy is embryonic lethal, causing arrest at the morula stage of
pre-implantation embryonic development (Aguirre-Portoles, Bird et al. 2012). Inspection
of these arrested embryos revealed loss of AURKA at spindle poles and defective
microtubule nucleation. In addition to TPX2, bora aurora kinase A activator (BORA),
another AURKA binding partner, is crucial for the localization and activation of AURKA
at spindle poles in mouse oocytes (Zhai, Yuan et al. 2013). In wild-type oocytes BORA
co-localizes with AURKA at spindle poles, and depletion of BORA using siRNA disrupts
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Table 1. Summary of Aurora Kinase Localization and Function in Mammalian
Mitosis and Meiosisa
Mitosis
Kinase

Binding partner(s)

Meiosis

Localization

Function(s)

Spindle poles

Spindle organization

TPX2
AURKA

Binding
partner(s)

Localization

TPX2

BORA

Established function(s)
Spindle organization

Spindle poles
BORA

K–MT correction

Chromosome alignment
K–MT correction
Cohesion
AURKB

INCENP

Centromeres

?

Microtubules

Chromosome alignment

Spindle poles

MTOC clustering

Centromeres/ICA

Chromosome alignment

SAC
Cytokinesis
Abcission Checkpoint

AURKC

N/a

N/a

N/a

INCENP
Chromosome condensation
K–MT correction

N/a = not applicable.
aAbbreviations: ICA, interchromatid axis; K–MT, kinetochore–microtubule attachment; MTOC, microtubule-organizing
center; N/a, not applicable; SAC, spindle assembly checkpoint.
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AURKA localization and results in abnormal spindle morphologies and misaligned
chromosomes at Met I. These data suggest that BORA also regulates AURKA; however,
whether BORA acts upstream of the kinase and the mechanism by which it is involved in
microtubule organization in oocytes remain to be determined.

AURKB
In mitosis, AURKB is an essential regulator of cell division, with known functions
including; regulation of chromosome alignment, the SAC, erroneous K–MT attachment
detection, chromatid condensation, cohesion, the abscission checkpoint, and
cytokinesis (Fig. 8) (Table 1)(Guse, Mishima et al. 2005, Johansen and Johansen
2006, Kelly and Funabiki 2009, Nezi and Musacchio 2009, Steigemann,
Wurzenberger et al. 2009, Carmena 2012). While the requirement for AURKB in
mitosis is fairly well defined, the role of AURKB in meiosis is less understood. One
reason for this lack of understanding is the conflicting evidence about the presence
of AURKB protein in mouse oocytes in the literature. The AURKB antibodies that
detect AURKB in somatic cells may not be sensitive enough to routinely detect
AURKB in mammalian gametes, making examination of the endogenous protein
localization difficult (Yang, Li et al. 2010, Balboula and Schindler 2014). However,
some groups have successfully detected AURKB by immunocytochemistry and
western blotting (Fig. 7) (Vogt, Kipp et al. 2009, Balboula and Schindler 2014).
These results are consistent with the presence of Aurkb transcripts in mouse
oocytes (Yang, Li et al. 2010) as well as with the presence of the protein in human
oocytes and embryos (Fig. 7) (Swain, Ding et al. 2008, Shuda, Schindler et al. 2009,
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Schindler, Davydenko et al. 2012).

Unlike mitosis where AURKB localizes to centromeres, endogenous AURKB
protein localizes to the spindle during Met I and Met II in mouse oocytes, and may
be absent from the chromosomes (Fig. 8) (Table 1) (Balboula and Schindler 2014).
However, while not detectable on chromosomes, AURKB may still regulate
chromosome alignment. Treatment of oocytes with a low concentration of the
AURKB/C small-molecule inhibitor ZM447439 results in chromosome misalignment
in MI (Shuda, Schindler et al. 2009). Importantly, the dose of ZM447439 utilized (1.5
µM) was at the threshold of having a phenotypic effect. This dose was therefore
selected for a rescue experiment aimed to determine which AURK was required for
chromosome alignment. Only overexpression of AURKB, but not AURKA or AURKC,
rescues this alignment defect. These results further provide evidence for the
endogenous expression of AURKB and suggest the kinase regulates chromosome
alignment (Shuda, Schindler et al. 2009). However, the precise function(s) of AURKB
in meiosis is unknown and is an active area of exploration.

AURKC
The most elusive of the AURKs, AURKC expression is primarily restricted to
germ cells in mammals, a few somatic tissue types, and many human cancer
lines(Gopalan, Chan et al. 1997, Yanai, Arama et al. 1997, Tseng, Chen et al. 1998, Yan,
Cao et al. 2005, Yan, Wu et al. 2005, Price, Kanyo et al. 2009). AURKC is most similar
in sequence to AURKB, differing most significantly in the N-terminus, with AURKC
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Figure 8. Aurora Kinase Localization in Mammalian Mitosis and Meiosis. Schematic
representation of AURKA, AURKB, and AURKC localization in mitosis and meiosis in
mammalian cells. (A) In mitotic prophase AURKA (purple circles) is concentrated
around duplicated centrosomes, while AURKB (orange circles) is nuclear. In metaphase
AURKA is found at spindle poles, while AURKB is located on centromeres. In anaphase
AURKA remains at spindle poles, whereas AURKB concentrates at the spindle midzone.
Daughter cells enter G1 stage where the expression of both kinases is substantially
reduced. (B) In prophase of meiosis I (MI) AURKA clusters around microtubuleorganizing centers in the cytoplasm, while the location of AURKB remains unknown.
AURKC (green circles) can be found both in the nucleus and cytoplasm. In metaphase I
AURKA localizes to spindle poles, while AURKB is on spindle microtubules and
potentially kinetochores. AURKC is found both at spindle poles and at the interchromatid
axis of MI bivalents. In anaphase I AURKA and AURKC localize to spindle poles, while
AURKB and a subset of AURKC concentrate at the spindle midzone. Mammalian
oocytes arrest at metaphase of meiosis II until fertilization, with AURKA and AURKC
located at spindle poles, AURKB on the spindle microtubules, and AURKC concentrated
at the centromere.
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lacking destruction motifs found in AURKA and AURKB. Similar to AURKB in mitosis,
AURKC acts as catalytic subunit of the chromosomal passenger complex (CPC) in
meiosis (Li, Sakashita et al. 2004). The CPC is a multi-protein complex composed of
inner centromere protein (INCENP), survivin, borealin, and in some cases TIP60.
AURKB/C activity is dependent upon binding to INCENP, the scaffolding unit of the
complex, and binding stimulates auto-phosphorylation and activation of the kinase
(Goldenson, Kirsammer et al. 2015). Survivin and borealin are crucial for determining
localization of the complex to the chromosomes via the recognition of histone phosphomarks (Gassmann, Carvalho et al. 2004, Vader, Maia et al. 2008, Jeyaprakash, Basquin et
al. 2011, Wu, Li et al. 2015). Concomitantly, phosphorylation of histone 2A at Thr120
(H2ApT120) by BUB1 mitotic check- point serine/threonine kinase (BUB1) also
positively regulates chromosomal CPC localization (Kawashima, Yamagishi et al. 2010,
Tsukahara, Tanno et al. 2010, Wang, Ulyanova et al. 2011). The role of TIP60 in meiosis
remains unknown.

CPC localization is dynamic, localizing to centromeres and the ICA of
chromosomes in Met I and to the spindle midzone in anaphase (Fig. 8, 9) (Table 1)
(Balboula and Schindler 2014). However, whether both AURKB and AURKC act as
CPC members in meiosis is unknown. In addition, like AURKA, AURKC localizes to the
spindle poles throughout meiosis in mouse oocytes, as detected by AURKC-specific
antibodies and by exogenous expression of fluorescently labeled AURKC– GFP
(Balboula, Nguyen et al. 2016). Most of our understanding about the function of
AURKB/C in meiosis stems from studies that utilize small-molecule inhibitors
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Figure 9. Interchromatid Axis Localization of Aurora Kinase C in Mouse Oocytes.
Mouse oocytes were matured to metaphase of meiosis I, fixed, and stained to detect
AURKC (green), DNA (DAPI, blue), and kinetochore (Crest, red). The boxed regions are
shown at higher magnification.

35
(AZD1152 and ZM447439). However, owing to high sequence similarity, these
inhibitors are not selective for AURKB over AURKC at the doses necessary to elicit
strong phenotypes (Chen, Tang et al. 2005, Swain, Ding et al. 2008, Shuda, Schindler et
al. 2009, Lane, Chang et al. 2010, Sharif, Na et al. 2010). In addition, siRNA approaches
are reportedly inefficient and non-specific (Chen, Tang et al. 2005, Sharif, Na et al.
2010), and expression of a dominant-negative Aurkc allele disrupts both AURKC and
AURKB function (Chen, Tang et al. 2005, Balboula, Stein et al. 2014). These molecular
constraints have made deciphering whether there are non-overlapping AURKB and
AURKC functions in meiosis a challenge. In an attempt to tackle this problem,
researchers expressed a dominant-negative allele of Aurkc (Aurkc-L93A) in which the
gatekeeper leucine residue of the ATP pocket is converted to alanine; the mutant
does not affect AURKB activity (Balboula and Schindler 2014). The selectivity of the
mutant was confirmed by a genetic experiment. Using oocytes from either Aurkc-/or Aurkb-/- mice, INCENP phosphorylation (pINCENP) levels were monitored. This
was chosen as a marker of AURK activity because it is an AURKB/C substrate and
binding partner. After exogenous expression of Aurkc-L93A in oocytes from Aurkb/- mice that only express AURKC, pINCENP levels were significantly reduced
compared to wild-type oocytes, whereas Aurkc-/- oocytes that only express AURKB
expressing the mutant had wild-type levels of pINCENP. These results were
interpreted that AURKC-L93A only inhibits AURKC, and cannot inhibit AURKB.
Therefore, when expressed in wild-type oocytes, the resulting phenotypes revealed
that AURKC is the dominant CPC kinase, consistent with other suggestions in the
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literature that AURKC has replaced AURKB-CPC chromosome function in meiosis
(Sharif, Na et al. 2010, Yang, Li et al. 2010, Balboula and Schindler 2014). Loss of
AURKC activity resulted in misaligned chromosomes, likely due to improper K–MT
attachments, a reduction in the ability to successfully complete MI, and aneuploid
MII eggs.

Although AURKB and AURKC sequence similarities are well documented, it
would be remiss to not acknowledge that there are sequence similarities between
AURKA and AURKB (Eyers, Churchill et al. 2005, Fu, Bian et al. 2009, Hans, Skoufias
et al. 2009). In mitotic cells, a single amino acid substitution in AURKA (in human,
Gly198 to Asn) enables the kinase to preferentially interact with INCENP instead of
TPX2 in vivo and to phosphorylate AURKB substrates. Expression of the AURKA
mutant in AURKB-depleted cells rescued the chromosome alignment defects and
promoted mitotic progression (Fu, Bian et al. 2009). The authors went on to show that
binding partner specificity is dictated by the length and hydrophilicity of the side chain in
the binding domain (Fu, Bian et al. 2009). Although the same substitution in AURKB (in
human, Asn142 to Gly) did allow localization to spindle poles, some protein remained
CPC-bound at centromeres. Functional complementation for loss of AURKA was not
fully evaluated for this AURKB mutant because of the residual centromere population.
The Asn142 residue resides in kinase subdomain IV, where AURKC is more homologous
to AURKB at this site (Asn108 in human). However, other residues in this subdomain are
homologous to AURKA (i.e., His111 in human AURKC, and His201 in human
AURKA). Therefore, it is tempting to speculate that AURKC localizes to chromosomes
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and poles because of this hybrid binding-domain sequence.

In female mice, germline deletion of Aurkc results in subfertility, and oocytes
have similar, albeit less-severe, phenotypes than those of oocytes expressing the selective
dominant-negative Aurkc allele. These phenotypes include a reduction in oocytes capable
of progressing to Met II (Schindler, Davydenko et al. 2012). Using a live-cell imaging
assay to monitor protein destruction, AURKB–mCherry turns over 50% more than
AURKC–GFP during meiotic maturation, suggesting that AURKC is more stable than
AURKB (Schindler, Davydenko et al. 2012). The authors concluded that this increased
stability might compensate for the inherent instability of AURKB in a prolonged cell
division that does not have active transcription. In addition to being more stable, Aurkc is
a maternally recruited message, with significant translation occurring during meiotic
maturation. This increase contrasts with AURKB protein, whose levels decline
throughout meiosis. Aurkc recruitment may provide a boost of AURK activity to support
meiotic progression when AURKB protein is limited (Schindler, Davydenko et al. 2012).
However, although loss of AURKC leads to MI arrest, about one-half of AURKCknockout oocytes successfully complete meiosis. Upon further examination of these
AURKC- knockout oocytes, AURKB localized to the centromeres/kinetochore and ICA,
and INCENP was phosphorylated, demonstrating the ability for AURKB to compensate
for the loss of AURKC in oocytes (Schindler, Davydenko et al. 2012).

Separating AURKB and AURKC Function
The ability of AURKB to compensate for the loss of AURKC implies that these
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kinases have some functional equivalence. However, this observation raises an important
question – if the two kinases have non-overlapping functions within the oocyte, how are
these roles mediated if the kinases are so similar? One way non-overlapping functions
could be carried out is through two CPC complexes that differ in the catalytic component.
To test this hypothesis recent experiments used co-immunoprecipitation, RNAi, and
sucrose sedimentation analyses of a prostate cancer cell line (PC-3) that expresses both
AURKB and AURKC. The authors found that, although both kinases bind to INCENP in
vivo, AURKB and AURKC cannot bind within the same complex (Sasai, Katayama et al.
2016). The next question to answer will be how two kinases, that are functionally very
similar, could have separate roles and potentially localization when in CPC complexes.

A hint at how the two kinases perform separate functions could come from the
discovery of two CPC subpopulations in mitotic cells. Dimerization of borealin plays a
crucial role in the localization of a proportion of the CPC to kinetochores (Bekier, Mazur
et al. 2015). This localization is independent from an inter centromeric CPC pool
regulated by survivin recognition of H3pT3 (Bekier, Mazur et al. 2015). Importantly,
these spatially-distinct CPC pools are responsible for regulating different functions within
the cell. Specifically, inter-centromere-localized CPC was important for destabilizing
improper K–MT attachments and activation of the SAC, whereas the function of the
kinetochore population is still under investigation. Whether multiple CPC populations
exist in female meiosis remains unknown.
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Figure 10. Hypothesized Mechanism of AURKB-CPC and AURKC-CPC Spatial
Distribution To Explain Separation of Function in Germ Cells. (A) Schematic
representation of hypothesized CPC subpopulations in mouse oocytes on MI bivalents.
(B) Survivin recognition of phosphorylated histone 3 at Thr3 (H3pT3) drives proposed
AURKC-CPC to the interchromatid axis (ICA) and centromeres. This CPC
subpopulation may be responsible for error correction in MI via destabilization of
erroneous kinetochore–microtubule (K–MT) attachments and regulating chromosome
condensation similar to in mitosis. (C) Hypothesized Borealin dimerization drives
AURKB/C-CPC localization to kinetochores. The functions of this CPC subpopulation
may require AURKB and/or AURKC. Abbreviations: CPC, chromosomal passenger
complex; MI, meiosis I.

40
Differences in catalytic activity could provide additional functional diversity.
Previously, the only direct interaction between AURKs and the CPC subunits was
detected with INCENP; however, immunoprecipitation of endogenous AURKC from PC3 cells revealed the presence of an AURKC–survivin dimer that did not contain INCENP
(Sasai, Katayama et al. 2016). Interestingly, this interaction positively regulates AURKC,
but not AURKB, activity. In vitro kinase assays found that AURKC, and not AURKB,
phosphorylates survivin at Ser20, promoting auto-activation of the kinase. This new
substrate was identified as playing an important role in regulating correction of K–MT
attachments and cytokinesis (Sasai, Katayama et al. 2004). These data, taken together
with findings of differentially localized CPC subpopulations, could provide the answer to
how AURKB and AURKC maintain non- overlapping functions in oocytes. It is tempting
to speculate that AURKC-CPC, the predominant AURK localized to the centromeres and
ICA, is responsible for regulating K–MT attachments, while AURKB could comprise the
kinetochore CPC population that monitors the SAC (Fig. 10).

AURK Functions
Regulation of Spindle Dynamics: AURKA and AURKC
Unlike mitotic cells that build a spindle using centriole-containing centrosomes,
oocytes of many organisms, including mammals, lack centrioles (Breuer, Kolano et al.
2010). Mouse oocytes instead rely on many microtubule-organizing centers (MTOCs)
that nucleate microtubules and cluster together to form two spindle poles (Fig. 8).
AURKA colocalizes with MTOCs throughout meiosis and is required to recruit γ-tubulin,
a key MTOC component (Solc, Baran et al. 2012). Knockdown of Aurka in mouse
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oocytes results in the loss of γ-tubulin and pericentrin localization, leading to MTOC
scattering (Swain, Ding et al. 2008).

In mitotic prophase, newly nucleated microtubules are stabilized via
phosphorylation of the centrosome-associated protein transforming acidic coiled-coil
containing protein 3 (TACC3) mediated by AURKA (Mahdipour, Leitoguinho et al.
2015). Stable microtubules are then assembled into a bipolar structure via the molecular
motor protein kinesin 5 (EG5), another AURKA substrate (Giet and Prigent 1999, Castro,
Arlot-Bonnemains et al. 2002, Crane, Gadea et al. 2004, Barr and Gergely 2007, Schuh
and Ellenberg 2007, Sumiyoshi, Fukata et al. 2015). Pharmacological inhibition of
AURKA in bovine oocytes, and the subsequent loss of TACC3 phosphorylation, leads to
abnormal meiotic spindles and misaligned chromosomes (Mahdipour, Leitoguinho et al.
2015). Similarly, knockdown of Aurka (air-1) in Caenorhabditis elegans embryos results
in failure to assemble microtubules into a bipolar spindle. This spindle-building function
is dependent on the activity of the kinase because expression of a catalytically inactive
form of AURKA (air

K73R,T201A

) (Sumiyoshi, Fukata et al. 2015).

A new function for AURKC in bipolar spindle assembly was recently described in
mouse oocytes. By changing fixation conditions to preserve MTOC structure, active
AURKC was discovered to also co-localize to MTOCs during meiotic maturation (Fig. 8)
(Balboula, Nguyen et al. 2016). Similarly to localization at the ICA, this localization
required haspin kinase activity. MTOC-localized AURKC is required for MTOC
clustering because perturbation of its localization by inhibition of haspin, or by
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expression of the selective dominant-negative Aurkc allele, resulted in the inability to
cluster MTOCs (Balboula, Nguyen et al. 2016). This phenotype could be rescued only
through overexpression of AURKC, and not of AURKB or AURKA, highlighting a
unique function for AURKC at MTOCs (Balboula, Nguyen et al. 2016). Interestingly,
this AURKC function appears not to require INCENP because depletion of INCENP
from oocytes does not result in MTOC clustering defects. The mechanism by which
AURKC regulates MTOC clustering is not yet understood; however, this function could
be relevant to understanding how some cancers, particularly those that express AURKC,
cluster supernumerary centrosomes into a pseudo-bipolar spindle to drive cell
proliferation.

Chromosome Condensation and Cohesion: AURKB and AURKC
Chromosome compaction is essential for chromosome segregation and requires a
multi-protein complex, condensin, that uses structural maintenance of chromosomes
proteins SMC1A and SMC2 as hinges to structurally organize the chromosomes into tight
bundles (Nasmyth and Haering 2005). In C. elegans, AURKB (AIR-2) is required for the
localization of condensin in pro-metaphase along the short arm of bivalents (Schumacher,
Golden et al. 1998). In oocytes, loss of AURKC-CPC from the ICA delocalizes
condensin, indicating that this function may be AURKC-specific in gametes (Nguyen,
Gentilello et al. 2014). However, much work to fully understand the role of the AURKs
in regulating chromosome condensation is still needed.

One key difference between MI and mitosis is the separation of homologous
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chromosomes, instead of sister chromatids. For oocytes, this segregation pattern requires
that sister chromatids remain tightly associated in MI, behaving as a single unit when
binding to spindle microtubules. Cohesins hold sister chromatids together, localizing
along the bivalents and at centromeres during Met I, promoting their tight association.
For homologs to separate in anaphase I, separase must cleave the cohesin localized
between bivalents but centromeric cohesin must remain intact. To protect centromeric
cohesin, shugoshin-2 (SGO2) localizes to centromeres and prevents phosphorylation of
the meiotic cohesin subunit REC8 meiotic recombination protein (REC8) (Brar, Kiburz et
al. 2006, Kitajima, Sakuno et al. 2006, Riedel, Katis et al. 2006, Clift and Marston 2011).
In mitotic cells, phosphorylation of SGO2 by AURKB is essential for cohesion protection
(Tanno, Kitajima et al. 2010, Meppelink, Kabeche et al. 2015). In mouse oocytes loss of
active AURKC-CPC does not perturb SGO2 localization or cause premature separation
of sister chromatids, suggesting that AURKB-CPC is responsible for this function
(Balboula and Schindler 2014). Further work to decipher if protection of centromeric
cohesion during MI is regulated by AURKB and not AURKC-CPC will be imperative to
understand how MI is regulated.

Kinetochore–Microtubule Attachments and Error Correction: AURKB and
AURKC, and Surprisingly AURKA
Bi-orientation of homologous chromosomes at the metaphase plate is crucial for
accurate chromosome segregation. Chromosome alignment is mediated by the attachment
of kinetochores to spindle fibers. In mammalian oocytes, K–MT attachments begin to
form in pro-metaphase I as spindle fibers nucleate from MTOCs and search for
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kinetochores (Hauf and Watanabe 2004, Lane, Yun et al. 2012). These fibers capture the
kinetochores, orienting chromosomes towards the center spindle. Poleward ejection
forces emanating from opposite spindle poles stabilize the chromosomes along the
metaphase plate. While K-MT attachments can be visualized under the microscope, the
mechanism of bi-orientation establishment and regulation remains an active area of
investigation.

One model for how bi-orientation occurs is search and capture—where
microtubules growing from the poles randomly make end-on attachments to kinetochores
(Kirschner and Mitchison 1986, Nicklas 1997). This process, however, may not be
efficient enough to find and orient all the chromosomes in a typical cell. Cells containing
centrosomes probably require additional mechanisms to supplement search and capture
(Wollman, Cytrynbaum et al. 2005, Heald and Khodjakov 2015). This problem is only
magnified in acentrosomal spindles with the absence of defined microtubule growth from
the poles. One of these additional mechanisms supporting chromosome alignment is
congression, where pro-metaphase chromosomes are collected to the center of the spindle
(Kapoor, Lampson et al. 2006, Cai, O'Connell et al. 2009). An important contributor to
this process is lateral attachments between the chromosomes and the microtubules.

Several studies show that lateral attachments are important for the process of
homolog bi-orientation on acentrosomal spindles (Fig. 11). During pro-metaphase in
mouse oocytes, chromosomes move towards the outside edges of the developing spindle
and then congress via lateral attachments with microtubules to a ring around the central
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part of the spindle, or the pro-metaphase belt (Kitajima, Ohsugi et al. 2011, Magidson,
O'Connell et al. 2011). Here, the central spindle acts as an organizer of bipolarity, via its
structure of overlapping antiparallel microtubule providing rich source of microtubule
plus ends. In this context, the pro-metaphase belt facilitates and enhances the rate of biorientation by bringing kinetochores into the vicinity of a high density of microtubule
plus ends, which leads to stable kinetochore-microtubule attachments. Another important
feature of the pro-metaphase belt model is the prominent role of lateral chromosomemicrotubule attachments. Oocytes experience a prolonged period during which stable
end-on kinetochore-microtubule attachments are not observed (Brunet, Maria et al.
1999). However, during a stage (2–4 h after NEBD) when end-on attachments are not
observed, the bivalents appear to stretch, indicating that there is enough stability in lateral
attachments to provide force on the chromosomes and promote bi-orientation (Yoshida,
Kaido et al. 2015).
Lateral attachments between kinetochores and microtubules, likely involving
antiparallel bundles of microtubules in the central spindle, appear to be a conserved
feature of acentrosomal meiosis. How these attachments lead to bi-orientation is not
known. Several observations suggest that bi-orientation in oocytes involves a mechanism
of error correction. Homologous chromosomes undergo multiple rounds of stretching and
relaxation in mouse oocytes (Kitajima, Ohsugi et al. 2011), reminiscent of “error
correction.”

Homologous chromosome bi-orientation is often defined as the establishment of
stable end-on kinetochore-microtubule attachments, with sister chromatids (mitosis or
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Figure 11. Lateral and End-on Kinetochore-Microtubule Attachments in Mouse
Oocytes. A-B. Cold-treated mouse oocytes at metaphase I, showing examples of lateral
(A) and end-on (B) kinetochore attachments. The boxed regions are shown at higher
magnification. DNA is in blue, microtubules in green, and centromeres (CREST) in red,
and the arrows point to lateral or end-on attachments. In all images, the scale bar is
10 μm.
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meiosis II) or homologous chromosomes (meiosis I), making connections to opposite
spindle poles. This places the chromosomes under tension, which can be observed as the
stretching apart of sister or homologous centromeres. Errors are identified by a lack of
end-on kinetochore-microtubule attachment or a lack of the tension provided by these
attachments. Surprisingly, during meiosis I in mouse oocytes, homologous centromeres
become stretched prior to the establishment of stable end-on kinetochore-microtubule
attachments (Yoshida, Kaido et al. 2015). These data suggest that end-on attachment and
tension are separated in oocytes. Further research is needed to determine how incorrect
attachments are identified, what defines bi-orientation, and how it is monitored in meiosis
I oocytes.

Improper attachments can lead to inaccurate chromosome segregation in
anaphase, and ultimately aneuploidy. To ensure the timely and accurate segregation of
chromosomes, the cell identifies the presence of unattached and improperly attached
kinetochores. The latter is likely the most challenging because oocytes with one improper
attachment can evade detection (Gui and Homer 2012, Kolano, Brunet et al. 2012, Lane,
Yun et al. 2012, Sebestova, Danylevska et al. 2012). K–MT attachments of bi-oriented
chromosomes are stabilized, while incorrectly attached chromatids are released, allowing
correction. Almost all kinetochores undergo this process multiple times before finally
stably attaching to a spindle pole (Kitajima, Ohsugi et al. 2011). The aurora kinases are
crucial regulators of this process; however, the manner in which they regulate attachment
status is not fully understood. Two models have been proposed for the mechanism by
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which the AURKs mediate K–MT attachment regulation. The first model relies on
proximity of centromeric-localized AURK-CPC to its kinetochore-bound substrates. In
mitosis, as sister kinetochores bind to microtubules from opposing spindle poles, tension
is generated, actively stretching the kinetochore away from the centromere. This tension
generates an AURK-CPC ‘activity gradient’ as the kinase is positioned farther from its
substrates. Chromosomes that are bi-oriented contain the most tension, physically
limiting AURKB-CPC from phosphorylating kinetochore-bound substrates. Improperly
attached chromatids lack tension, allowing AURKB- CPC to phosphorylate its substrates
and ultimately destabilizing the attachment. This model is problematic, however, because
low tension does not immediately result in microtubule release in meiosis (Lane, Yun et
al. 2012). Work in mouse oocytes showed that cells containing many unaligned bivalents
fail to undergo anaphase, while those containing a small number of mis-attached
bivalents were not (Lane, Yun et al. 2012).

The inability to respond to chromosomes that are attached but not bi-oriented (low
tension) suggests that kinetochore proximity and tension alone are insufficient to explain
the complex error-correction mechanism employed by meiotic cells. The second model
addresses this problem, suggesting that proximity to the spindle poles, rather than
tension, drives K–MT release. However, uncoupling tension from chromosome position
to test this hypothesis is challenging. To solve this issue, researchers crossed mouse
strains that exhibit homologous chromosomes with differing centromere strengths,
generating a model system where chromosomes are not aligned at the metaphase plate
but remain under tension (Chmatal, Yang et al. 2015). In these oocytes, kinetochores
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closest to spindle poles more often were unattached, while those closest to the metaphase
plate almost always contained stable attachments. Interestingly, the pole-ward
destabilization of K–MTs was dependent upon AURKA (Chmatal, Yang et al. 2015).
Because AURKA sequence in the catalytic domain is similar to its homologs, it is
perhaps not surprising that it can target presumably the same substrates to destabilize K–
MTs. However, a caveat to these findings is the discovery of AURKC at the spindle poles
(Fig. 8) (Chmatal, Yang et al. 2015). Whether both AURKA and AURKC regulate the
pole-ward destabilization of K–MTs or if this role is dependent solely on one AURK
remains unknown.

The Spindle Assembly Checkpoint: AURKB and AURKC
The CPC also regulates the SAC, a signaling cascade triggered by unattached
kinetochores that delays anaphase onset until all chromosomes are aligned at the
metaphase plate (Carmena 2012). In mitosis, AURKB-CPC plays a direct role in the SAC
by recruiting proteins important for its function (Lens, Wolthuis et al. 2003, DeAntoni,
Sala et al. 2005). In meiosis, the mechanism by which the CPC regulates the SAC is not
as clear. In particular, one question is whether the CPC has a direct role in recruiting SAC
components to kinetochores, or if it acts indirectly through tension-dependent errorcorrection that would transiently generate unattached kinetochores.

To distinguish a requirement for AURKC and/or AURKB in the SAC in oocytes,
researchers expressed a dominant-negative allele of Aurkc in mouse oocytes (Balboula
and Schindler 2014). These oocytes arrested at Met I when exposed to nocodazole,
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providing evidence for a responsive SAC signal, and suggesting that the SAC may be
regulated by AURKB in meiosis. Further work will be necessary to uncover whether this
role is specific to AURKB or AURKC in wild-type oocytes. One possible model would
be that AURKC participates indirectly by creating unattached kinetochores by sensing
and destabilizing improper K–MTs, while AURKB is responsible for recruiting SAC
proteins to kinetochores.

Cytokinesis
While the role of the AURKs in cytokinesis in meiosis remains an active area of
exploration, details from overexpression studies provide hints that AURKB and AURKC
may be involved in these processes in germ cells. Overexpression of Aurkc mRNA in
mouse oocytes results in cytokinesis failure and ultimately the formation of polyploid
gametes (Sharif, Na et al. 2010). By contrast, oocytes injected with Aurkb mRNA caused
arrest in Met I and prolonged APC/C activation, suggesting that the kinases are important
for regulating these processes but may operate in different or even opposing ways (Sharif,
Na et al. 2010).

Human Variants
Work in mouse oocytes and other meiotic systems have revealed essential
functions for the AURKs. Ultimately we, and others, aim to understand the reproductive
implications of humans harboring variants in the Aurk genes. Similar to mouse, human
oocytes and pre-implantation embryos express both AURKB and AURKC (Avo Santos,
van de Werken et al. 2011). However, whether loss or gain-of-function mutations alter
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fertility in women is currently unknown. It is well established that loss-of-function alleles
of AURKC cause male sterility (Dieterich, Soto Rifo et al. 2007, Kimmins, Crosio et al.
2007, Ray 2011, Coutton, Satre et al. 2012, Miyamoto, Minase et al. 2015, Ounis,
Zoghmar et al. 2015), and there is some evidence that variants in AURKB may also
reduce male fertility (Lopez-Carrasco, Oltra et al. 2013). Given the redundancies and
compensatory abilities of the AURKs in female mouse meiosis, it is possible that human
oocytes can tolerate AURK variants and still make viable eggs. Until we start to make
connections to female reproductive fitness and the genome, these questions remain
unanswered.
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Concluding Remarks
The AURKs are crucial regulators of cell division; however, little is known about
the mechanisms by which these kinases function in meiosis. This thesis centers on
uncovering the unique and overlapping functions of the Aurora kinase in female meiosis.
The studies presented here address four key questions in the field of reproductive
genetics:
1) How is AURKC-CPC localization regulated in meiosis?
2) Do AURKB and AURKC exercise unique functions in female meiosis?
3) Why do mammalian germ cells require three Aurora kinases?
4) Can genetic variants in AURKB and AURKC serve as predictors of
embryonic aneuploidy?

Together, these data identify new functions and interactions of the Aurora kinases in
female meiosis and provide invaluable insight into the functions of the kinases in female
meiosis.
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Chapter II:
Phosphorylation of Threonine 3 on Histone H3 by Haspin kinase is Required for
Meiosis I in Mouse Oocytes
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I.

Preface
This chapter was published, as presented here, in The Journal of Cell Science,

October 2014. My contributions to this paper included experiment design and
performance, data analysis, figure preparation, and manuscript editing. Authorship on
this publication as published; Alexandra L. Nguyen, Amanda S. Gentilello, Ahemd Z.
Balboula, Vibha Shrivastava, Jacob Ohring, and Karen Schindler.

II.

Abstract
Meiosis I (MI), the division that generates haploids, is prone to errors that lead to

aneuploidy in females. Haspin is a kinase that phosphorylates histone H3 on threonine 3,
thereby recruiting Aurora kinase B (AURKB) and the chromosomal passenger complex
(CPC) to kinetochores to regulate mitosis. Haspin and AURKC, an AURKB homolog,
are enriched in germ cells, yet their significance in regulating MI is not fully understood.
Using inhibitors and overexpression approaches, we show a role for haspin during MI in
mouse oocytes. Haspin-perturbed oocytes display abnormalities in chromosome
morphology and alignment, improper kinetochore– microtubule attachments at
metaphase I, and aneuploidy at metaphase II. Unlike in mitosis, kinetochore localization
remained intact, whereas the distribution of the CPC along chromosomes was absent. The
meiotic defects following haspin inhibition were similar to those observed in oocytes
where AURKC was inhibited, suggesting that the correction of microtubule attachments
during MI requires AURKC along chromosome arms rather than at kinetochores. Our
data implicate haspin as a regulator of the CPC and chromosome segregation during MI,
while highlighting important differences in how chromosome segregation is regulated
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between MI and mitosis.

III.

Introduction
Meiosis, the cellular process that generates haploid gametes from diploid

precursors, is prone to errors in females (Hassold and Hunt 2001). A significant
percentage of mistakes in segregating homologs arise during meiosis I (MI). These errors
are the leading genetic cause of miscarriage in women. Therefore, determining the
molecular underpinnings that control this unique chromosome segregation is of great
interest.

Haspin (also known as GSG2) is an atypical serine/threonine protein kinase that is
conserved from yeast to humans (Higgins 2003). Haspin mRNA was first discovered in
mouse spermatocytes in a subtracted cDNA screen to discover meiosis-specific genes
(Tanaka, Yoshimura et al. 1999). Although it is highly expressed in male gametes, haspin
mRNA is also expressed in somatic cells, albeit to a lesser extent. However, it is not
known whether haspin is required for meiosis in oocytes. To date, the only known haspin
substrates are threonine 3 of histone H3 (H3T3), serine 137 of macroH2A and threonine
57 of CENP-T (Maiolica, de Medina-Redondo et al. 2014). Knockdown or inhibition of
haspin in mitotically dividing tissue culture cell lines reveal that phosphorylation of
H3T3 is essential for the alignment of chromosomes at the metaphase plate (Dai and
Higgins 2005, Dai, Sultan et al. 2005), regulation of chromosome cohesion (Dai,
Kateneva et al. 2009) and establishing a bipolar spindle (Dai, Kateneva et al. 2009). In
mitotic metaphase, phosphorylation of H3T3 is restricted to kinetochores, and this mark
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signals recruitment of the chromosomal passenger complex (CPC) (Dai, Sultan et al.
2005, Wang, Dai et al. 2010, Yamagishi, Honda et al. 2010). The CPC then navigates the
cell through the metaphase–anaphase transition by correcting improper kinetochore–
microtubule attachments, thereby controlling the alignment of chromosomes at the
metaphase plate (Kelly and Funabiki 2009, Carmena, Wheelock et al. 2012). During
anaphase, H3T3 is dephosphorylated and the CPC moves to the spindle midzone where it
regulates cytokinesis (Qian, Lesage et al. 2011). Therefore, phosphorylation of H3T3 by
haspin is a mark that dictates localized CPC activity essential for the mitotic cell cycle.

Aurora B kinase (AURKB) is the catalytic subunit of the CPC in mitosis. Meiotic
cells contain an AURKB homolog called Aurora C kinase (AURKC), which also
functions within the CPC (Tseng, Chen et al. 1998, Li, Sakashita et al. 2004, Sasai,
Katayama et al. 2004, Sharif, Na et al. 2010). In mitotic cells where AURKB has been
depleted, ectopic expression of AURKC can rescue the cytokinesis defects (Sasai,
Katayama et al. 2004). We previously demonstrated that oocytes express both AURKB
and AURKC (Shuda, Schindler et al. 2009, Balboula and Schindler 2014), and that
AURKB can functionally compensate for loss of AURKC in mouse oocytes (Schindler,
Davydenko et al. 2012). However, AURKC localizes to kinetochores and the
interchromatid axis (ICA) during metaphase I (Met I), whereas AURKB localizes to the
spindle, supporting the model that they have some non-overlapping functions during MI
in wild-type oocytes. Consistent with its localization to chromosomes, we found that
AURKC is uniquely required to correct improper kinetochore–microtubule attachments
to generate euploid metaphase II (Met II) eggs. AURKC localization to chromosomes is
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governed by its own catalytic activity and by histone deacetylation (Balboula and
Schindler 2014, Balboula, Stein et al. 2014); however, it is not known how AURKC
loading is specifically regulated.

Here, we demonstrate that mouse oocytes contain haspin kinase activity, and that
haspin is required for proper completion of MI by maintaining bivalent chromosome
structure through regulation of condensin, and not cohesin. To our surprise, perturbation
of haspin activity did not affect kinetochore-localized AURKC-CPC but specifically
ablated ICA-localized AURKC-CPC. However, we still observed improper kinetochore–
microtubule attachments and subsequent aneuploidy, consistent with loss of AURKC
activity. These data suggest that the correction of these attachments during Met I requires
AURKC activity along the ICA, and they indicate that haspin activity regulates meiotic
AURKC-CPC localization differently than it does AURKB-CPC in mitosis.

IV.

Materials and Methods

cDNA Synthesis and RT-PCR
A total of 50 oocytes or embryos at the indicated stages were isolated from CF-1
mice and frozen before processing. Gfp mRNA (2 ng) was added to each sample and total
RNA from the mixtures was purified using the PicoPure RNA isolation kit (Life
Technologies, Grand Island, NY) according to the manufacturer’s protocol. Using
random hexamers and SuperScript II, cDNA was generated by reverse transcription.
Taqman probes specific for haspin (Mm00494767_s1) (Life Technologies, Grand Island,
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NY) were used for gene expression detection and the comparative Ct method was used to
determine the difference in expression levels between stages. Data were acquired using
an ABI Prism 7000 (Life Technologies, Grand Island, NY).

Oocyte Collection, Microinjection and Maturation
Sexually mature CF-1 mice (6–8weeks, Harlan Laboratories, Indianapolis, IN)
were hormonally primed by an intraperitoneal injection of 5 IU of equine gonadotropin
(EMD Millipore, Billerica, MA). Germinal-vesicle-intact oocytes were isolated from
antral follicles at 44–46h after injection, in MEM/PVP (polyvinylpyrrolidone) containing
2.5 µM milrinone (Sigma, St Louis, MO; #M4659) to prevent meiotic maturation
(Tsafriri, Chun et al. 1996). All oocytes were matured at 37 C
̊ in a humidified atmosphere
of 5% CO2 in Chatot, Ziomek, Bavister (CZB) medium. Oocytes were microinjected
with 7– 10 pl of the indicated cRNA. Injections were performed in MEM plus 2.5 µM
milrinone using a Xenoworks digital microinjector (Sutter Instruments, Novato, CA). All
animal experiments were approved by the institutional animal use and care committee
and were consistent with NIH guidelines.

Haspin Inhibition
Oocytes were incubated in the presence of 5-iodotubercidin (5-Itu) (Cayman
Chemical, Ann Arbor, MI; #10010375) or CHR-6494 (CHR) (a gift from Chroma
Therapeutics, Abingdon, Oxon, UK) diluted in CZB (1:1000 and 1:2000, respectively).
100% ethanol (1:1000) was used as a control in all 5-Itu experiments and DMSO
(1:2000) was used as a control in all CHR experiments. For the rescue experiments,
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oocytes were incubated in 5-Itu for 1 h prior to microinjection, recovery and maturation
in 5-Itu. In vitro maturation occurred in organ culture dishes that were kept humid with a
surrounding water chamber to avoid the partitioning of the drugs into an oil overlay.

Cloning and In Vitro Synthesis of cRNA
To generate GFP-tagged haspin and Sgol2, cDNAs were PCR-amplified from
commercially available clones (GE Healthcare, Little Chalfont, Buckinghamshire, UK;
clone IDs 40054435 and 6833875, respectively), ligated into pIVT-Gfp (Igarashi, Knott
et al. 2007) and confirmed by sequencing. Haspin was tagged with GFP at the N-terminus
and SGOL2 at the C-terminus. K466 (59-AAA-39) of haspin was mutated to an R (59AGA-39) using the QuikChange Lightning Multi Site- Directed Mutagenesis kit (Agilent
Technologies, Santa Clara, CA). After DNA linearization with NdeI and purification,
cRNA was generated in vitro using an mMessage mMachine T7 kit (Life Technologies,
Grand Island, NY). The final product was purified using an RNeasy kit (Qiagen, Veno,
Limburg, The Netherlands). Haspin cRNA was injected at 600 ng/ml and Sgol2 cRNA at
500 ng/ml.

Immunocytochemistry
For AURKC, H3pT3 and pINCENP detection, oocytes were fixed using 2%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 20 min followed by
permeabilization (PBS, 0.1% v/v Triton X-100, 0.3% w/v BSA) for 20 min. The oocytes
were then incubated in appropriate antibodies diluted in blocking solution (PBS, 0.3%
w/v BSA, 0.01% v/v Tween-20) for 1 h in a humidified chamber. After incubation in
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primary antibody solution, cells were washed and incubated for an additional hour in
similarly diluted secondary antibody in a humidified chamber. Cells were mounted in 5
ml of Vectashield (Vector Laboratories, Burlingame, CA) containing DAPI (1:333,
Sigma, St Louis, MO). For detection of REC8 and survivin, cells were fixed using 2%
PFA in PBS+0.1% Triton X- 100 (Sigma, St Louis, MO) for 20 min or 4% PFA in PBS
at 4 ̊C overnight, respectively. Permeabilization, staining and mounting were performed
according to above parameters. SMC2 detection (1:1000) (gift from Tatsuya Hirano,
RIKEN, Japan), in situ ploidy, chromosome spreads and cold-stable microtubule assays
were performed as described previously (Lampson and Kapoor 2005, Duncan, Chiang et
al. 2009, Chiang, Duncan et al. 2010, Lee, Ogushi et al. 2011, Stein and Schindler 2011,
Balboula and Schindler 2014).

The following antibodies were used for immunofluorescence: anti-AURKC
(Bethyl Laboratories, Montgomery, TX; #A300-BL1217) at 1:30, CREST (Antibodies
Inc., Davis, CA; #15-234) at 1:100, anti- H3pT3 (Active Motif, Carlsbad, CA; #39153) at
1:100, anti-pINCENP (a gift from Michael Lampson, University of Pennsylvania, PA) at
1:500, anti-REC8 (a gift from Richard Schultz, University of Pennsylvania, PA) at
1:1000, anti-survivin (Cell Signaling Technology, Beverly, MA; #2808S) at 1:500, antiSMC2 at 1:1000, anti-a-tubulin conjugated to Alexa Fluor 488 (Cell Signaling
Technology, Beverly, MA; #5063S or Life Technologies, Grand Island, NY; #322588) at
1:100. The following secondary antibodies were from Life Technologies (Grand Island,
NY) and used at a 1:200 dilution: Alexa-Fluor-488-conjugated goat anti- mouse-IgG
(#A10680), Alexa-Fluor-546-conjugated rabbit anti-mouse- IgG (#A11060), Alexa-

61
Fluor-546-conjugated donkey anti-rabbit-IgG (#A10040) and Alexa-Fluor-633conjugated goat anti-human-IgG (#A21091). The actin cap was detected by adding 2
drops/ml of Actin Red 555 Ready Probes reagent (Life Technologies, Grand Island, NY;
#R37112) to eggs in blocking solution that were previously fixed and permeabilized for
30 min. To depolymerize the actin cap, eggs were treated with 10 µM latrunculin A
(Cayman Chemical, Ann Arbor, MI; #10010630) for 10 min prior to fixation.

Imaging
A Zeiss 510 Meta laser-scanning confocal microscope with a 406 or 636 objective
was used for imaging. Optical Z slices were obtained using 1.0– 1.5-µm steps with a
zoom of 2. When signal intensities were compared, laser power was kept constant for
each oocyte in an experiment. For ploidy analyses, images were obtained using Zeiss
Axiovert 200M epifluorescence microscope with a 63X objective. For live-cell imaging,
oocytes were placed into a glass-bottomed 96-well dish (Greiner Bio One, Monroe, NC)
and images were acquired using an EVOS FL Auto Imaging System (Life Technologies,
Grand Island, NY) with a 20X objective. The microscope stage was heated to 37 C
̊ and
5% CO2 was maintained.

Image Analysis
All images were processed and analyzed using ImageJ (NIH, Bethesda, MD).
Prior to analysis, individual Z slices were first overlaid and the final Z-projection image
was used for analysis. Pixel intensities were determined by subtracting an average
background intensity signal from an average pixel signal restricted to chromosomes or a
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selected region of the chromosome. Chromosome alignment was scored according to the
parameters described by Lane and colleagues (Lane, Yun et al. 2012). Only oocytes
exhibiting bipolar spindles were used for alignment analysis. Chromosome morphology
(Fig. 16A) was qualitatively scored according to the following parameters: ‘normal’ if
bivalents were distinguishable, ‘rounded’ if they exhibited short and dense chromosomes
without distinguishable bivalents, and ‘extended’ if they had a distinctive pointy
appearance. To assess the localization of CPC-associated proteins AURKC, survivin and
pINCENP, Met I oocytes were characterized as having one of three phenotypes:
‘kinetochore plus axis distribution’, in which a clear localization at the kinetochores and
along the ICA was visible; ‘kinetochore plus diffuse ICA localization’, where no clear
line at the ICA was present; and ‘diffuse DNA staining’, with no clear kinetochore or
ICA localization. Qualitative assessments were confirmed using the ‘plot profiles’
function in ImageJ to measure pixel intensity along the chromatid axes from kinetochore
to kinetochore.

Statistical Analyses
Statistical significance was calculated using Prism Graphpad Software (La Jolla,
CA). P-values were obtained using Student’s t-test or one-way or two-way ANOVA, as
indicated in the legends, with Tukey post-tests and 0.05% confidence intervals.
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V.

Results

Haspin Protein Kinase Expression, Activity and Localization During Meiosis in
Mouse Oocytes
Although haspin was identified as a germ-cell-specific gene expressed in mouse
testes (Tanaka, Yoshimura et al. 1999) and noted as a key regulator of the mitotic cell
cycle in somatic cells (Dai and Higgins 2005, Dai, Sultan et al. 2005, Dai, Sullivan et al.
2006, Dai, Kateneva et al. 2009, Yamagishi, Honda et al. 2010, De Antoni, Maffini et al.
2012, Huertas, Soler et al. 2012, Wang, Ulyanova et al. 2012) its role in meiosis and
specifically in oocyte meiotic maturation is still not known. To first determine whether an
H3T3 kinase exists in mouse oocytes, we performed immunocytochemistry using an
antibody that recognizes phosphorylated H3T3 (H3pT3) on in-vitro-matured oocytes
fixed at different stages of meiotic maturation. We found that H3T3 was phosphorylated
during metaphase of MI (Met I) and metaphase of MII (Met II) (Fig. 12A).
Phosphorylation persisted in anaphase I (Ana I), but was absent during telophase I (Telo
I). During Met I, we found this histone mark not only at centromeres but also along the
ICA. Notably, H3T3 phosphorylation along the ICA is meiosis specific, because its
phosphorylation is restricted to centromeres in mitosis (Dai, Sullivan et al. 2006,
Markaki, Christogianni et al. 2009). These data suggest that oocytes contain haspin, and
demonstrate that the localization pattern of H3pT3 differs in Met I from the pattern
observed during metaphase of mitosis.

To determine whether haspin mRNA is expressed in oocytes, we performed
quantitative RT-PCR on cDNA libraries generated from mouse oocytes and
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preimplantation embryos. The data indicate that haspin is a maternally expressed gene
that persists during meiosis and in one-cell embryos prior to its destruction (Fig. 12B).
Compared with maternal expression levels, zygotic expression is not as abundant
(~30%), consistent with observed low expression levels in somatic cells (Tanaka,
Yoshimura et al. 1999). Therefore, oocytes undergoing meiotic maturation contain haspin
mRNA.

Next, we wanted to determine whether haspin protein was expressed in oocytes.
We found that commercially available antibodies indicated to react with endogenous
haspin were not specific in our system (data not shown). To correlate H3pT3 with
localization of haspin, we expressed Gfp-tagged haspin cRNA in mouse oocytes. GFP–
haspin colocalized with chromatin and H3pT3 during all meiotic stages assessed (Fig.
12C,D). Notably, the levels of H3pT3 increased twofold with the addition of exogenous
haspin, further supporting that haspin is the H3T3 kinase in oocytes (Fig. 12D). At Met I,
we detected haspin at centromeres and at sister chromatid axes (Fig. 12C). In conducting
these experiments, we found that, starting at Met I, GFP–haspin also localized to a
discrete region of the oocyte cortex that is in close proximity to the chromatin and spindle
(Fig. 12E). Actin is restricted to this cortical region, giving this subcellular locale the
name ‘actin cap’. To determine whether haspin colocalizes with the actin cap, we
detected actin with TRITC-tagged phalloidin in oocytes expressing GFP–haspin. As
expected, ectopically expressed haspin colocalized with the actin cap (Fig. 12E). This
localization was disrupted upon treatment with latrunculin A, an actin depolymerizing
agent (Fig. 12F). Haspin is implicated in regulating asymmetric cell divisions in budding
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Figure 12. Mouse Oocytes Contain Active Haspin Protein Kinase. (A) Germinalvesicle-intact oocytes were isolated and matured in vitro to the indicated stages prior to
fixation and detection of phosphorylated threonine 3 on histone 3 (H3pT3) and DNA.
Shown are optical slices obtained by confocal microscopy from a representative
experiment. The experiment was repeated three times with ≥15 oocytes per stage. (B)
Relative mRNA levels of haspin in oocytes and preimplantation embryos. Expression
levels were determined by quantitative RT-PCR and were normalized against exogenous
Gfp. Data are shown as the mean ±s.e.m. (three independent experiments). (C–F)
Germinal-vesicle-intact oocytes were isolated, microinjected with Gfp-haspin cRNA and
matured in vitro to the indicated stages prior to fixation and processing to detect GFP–
haspin (green), DNA (blue), H3pT3 (red) (D) or actin (red) (E,F). Asterisk, chromosomes
in an anaphase bridge. (F) Met II eggs were incubated in 10 µM of latrunculin A (Lat A)
for 10 min prior to fixation. Shown are representative Z-projections obtained using

66
confocal microscopy. Quantification of H3T3 phosphorylation levels are also shown, as
the mean ± s.e.m. a.u., arbitrary units. The experiments were conducted at least twice,
with 15 oocytes in each group. INC, incompetent oocyte; 1C, 1-cell embryo; 2C, 2-cell
embryo; 8C, 8-cell embryo; BL, blastocyst; GV, germinal vesicle; Met I, metaphase I;
Ana I, anaphase I; Telo I, telophase I, MII or Met II, metaphase II. Scale bars: 10 µm
(A,C–F), 2 µm (inset in A).
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yeast (Panigada, Grianti et al. 2013) and in Arabidopsis thaliana embryos (Ashtiyani,
Moghaddam et al. 2011). Because cytokinesis during MI in oocytes is also asymmetric,
these data are consistent with haspin having at least one additional substrate that is
perhaps specific to asymmetrically dividing cells. Taken together, these data suggest that
haspin phosphorylates H3T3 in a MI-specific pattern along the ICA.

Haspin Activity is Required for Meiotic Progression
Inhibition of haspin in somatic cells causes a host of phenotypic consequences,
including prolonged length of time to anaphase onset, chromosome misalignment and
lagging chromosomes(Dai and Higgins 2005, Dai, Sultan et al. 2005, Dai, Sullivan et al.
2006) (Markaki, Christogianni et al. 2009, Yamagishi, Honda et al. 2010, De Antoni,
Maffini et al. 2012, Huertas, Soler et al. 2012, Wang, Ulyanova et al. 2012). To
determine whether haspin activity is required for oocyte meiotic maturation, we matured
oocytes in 5-iodotubercidin (5-Itu), a small-molecule inhibitor with high specificity for
haspin (De Antoni, Maffini et al. 2012, Wang, Ulyanova et al. 2012). We first confirmed
that 5-Itu inhibited haspin, by detecting H3pT3 using immunocytochemistry. Compared
with control oocytes incubated in vehicle (100% ethanol), H3pT3 signals were reduced
by 90% Met I in oocytes incubated in 100 nM of 5-Itu and were nearly absent when
oocytes were incubated in 500 nM of 5-Itu (Fig. 13A). Overexpression of haspin rescued
the loss of H3pT3 in 5-Itu-treated oocytes (Fig. 13B). This rescue depended on the
catalytic activity of haspin, because a mutant in the ATP-binding pocket (K466R) could
not rescue loss of H3pT3, further supporting that haspin is the H3T3 kinase in oocytes.
Within 1 h after adding the drug, H3pT3 signals diminished and did not return
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(Fig. 14). We observed similar results when oocytes were treated with the same doses of
CHR-6494 (CHR)(Huertas, Soler et al. 2012), another small-molecule inhibitor of haspin
(Fig. 15A). These data indicate that, similar to mitotic cycling cells (De Antoni, Maffini
et al. 2012, Huertas, Soler et al. 2012, Wang, Ulyanova et al. 2012), haspin activity can
be inhibited in oocytes by the addition of small-molecule inhibitors to in vitro culture
medium. Moreover, we note that the dose required to inhibit haspin in oocytes and in our
subsequent experiments was approximately tenfold less than the 5-Itu doses used to
inhibit haspin in mitotic cells (De Antoni, Maffini et al. 2012, Wang, Ulyanova et al.
2012).

Oocytes remain arrested at the prophase of MI until they are removed from
follicles and resume meiosis. The first morphological event during meiotic maturation is
nuclear envelope breakdown (NEBD), which occurs when oocytes resume meiosis and
enter Met I. Control oocytes underwent NEBD between 1.5 and 2 h after induction of
meiotic maturation (Fig. 13C). We observed slightly reduced meiotic-resumption kinetics
in 20% of oocytes compared with controls when oocytes were matured in the presence of
100 nM 5-Itu. By contrast, when we increased the concentration of 5-Itu to 500 nM, all
oocytes took 1 h longer to resume meiosis and 40% of oocytes failed to resume even after
5 h of incubation. Perturbations of meiotic-resumption kinetics were not specific to 5-Itu
because CHR treatment also caused delays (Fig. 15B), and these delays are consistent
with a reported delay in the G2-M transition in HeLa cells depleted of haspin (Dai,
Sullivan et al. 2006). To determine the consequences of haspin inhibition for meiotic
maturation, we fixed the treated cells at 16 h – the time at which controls extruded a polar
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Figure 13. Inhibition of Haspin Perturbs Meiosis I. Prophase-I-arrested oocytes were
isolated and matured in vitro in the presence of the indicated concentration of 5iodotubercidin (5-Itu) or CHR-6494 (CHR) prior to analysis. The drugs were added to
culture medium containing oocytes with an intact nuclear envelope in A–F or oocytes
that underwent nuclear envelope breakdown (NEBD) in G. (A,B) Oocytes were matured
to Met I (7 h) prior to fixation and detection of phosphorylated threonine 3 on histone 3
(H3pT3) (green), kinetochores {(A) CREST anti-serum} (red) and DNA (blue) in the
presence of 5-Itu. Shown are representative Z-projections obtained by confocal
microscopy from one experiment. Quantification of the H3pT3 signals are shown to the
right of each image panel. (B) The indicated material was microinjected 1 h after the
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addition of ethanol (EtOH) or 500 nM of 5-Itu. For A,B, data are shown as the mean ±
s.e.m.; ***P<0.001 (one-way ANOVA). Scale bars: 10 µm. (C) The timing of NEBD as
determined by live-cell imaging when oocytes were matured in the indicated dose of 5Itu. Images were captured every 30 min. (D,E,G) Analysis of the meiotic stage reached
after maturation in the indicated drug for 16 h, as determined by confocal microscopy.
Examples of interphase (‘I’) and collapsed (‘C’) oocytes are shown below the key. (F)
Timing of polar body extrusion (PBE) as determined by live-cell imaging when oocytes
were matured in the indicated dose of 5-Itu. The data were corrected for delay in NEBD
prior to analysis. These experiments were repeated three times with ≥15 oocytes per
group. GV, germinal vesicle; Met I, metaphase I; Ana I, anaphase I; Telo I, telophase I,
Met II, metaphase II.
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Figure 14. Kinetics of H3pT3 Loss in 5-Iodotubercidin. GV-intact oocytes were
isolated and matured in vitro in the presence of the indicated concentration of 5Iodotubercidin prior to fixation and analysis at the indicated time after addition of the
drug. This experiment was conducted by averaging the signal intensity of H3pT3 (white)
from 10 oocytes per the indicated dose. The signal was then normalized and set to 1 in
the ethanol (EtOH) treated group. Scale bar is 10 µm. DNA (blue).
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body and arrested at Met II (Fig. 13D) – and performed immunocytochemistry to
determine the final meiotic stage reached. At the lower dose, 80% of oocytes reached Met
II (Fig. 13D). Of those oocytes that failed to reach Met II, 10% were at Met I and 5%
were in Telo I. When treated with 500 nM 5-Itu, only 60% of oocytes reached Met II.
About the same percentage of oocytes were at Met I as observed in samples treated with
the lower dose, but more failed to resume meiosis. These results were similar to those
obtained when oocytes were matured in the presence of CHR (Fig. 13E). Furthermore,
we occasionally observed eggs with polar bodies that contained DNA collapsed into a
ball-like structure (described as collapsed), which sometimes reformed a nucleolus as if
the oocyte had entered interphase (described as interphase). We speculate that the severe
phenotypes arose owing to failed attempt to undergo cytokinesis. We also used live-cell
imaging to more closely examine the kinetics with which the oocytes were progressing
through MI. Completion of MI was defined by extrusion of the polar body. After
correcting for the delay in meiotic resumption, control oocytes and those treated with 500
nM 5-Itu extruded polar bodies with similar kinetics, starting at, 10 h after induction of
meiotic maturation (Fig. 13F). Despite correcting for the NEBD delay (Fig. 13C), oocytes
treated with 500 nM 5-Itu exhibited a delay in completing MI by, 2 h compared with
controls. Similar to the results in Fig. 13D, only 60% of these oocytes extruded polar
bodies in a timely manner. Therefore, similar to a delay of anaphase onset in mitosis,
haspin activity is required for timely completion of MI in mouse oocytes.

To confirm that failure to progress to Met II was not a consequence of perturbing
NEBD, we allowed oocytes to complete NEBD prior to addition of the inhibitor. Similar
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to our observations presented in Fig. 13D, inhibition of haspin later in meiotic maturation
still compromised completion of MI, but required a roughly twofold higher dose than
when treating oocytes prior to NEBD, reflecting either the later timing of haspin
inhibition (Fig. 13G) or the apparent increase in haspin activity after NEBD (Fig. 15).
Starting at 1 mM, more oocytes were still delayed in Met I and Telo I than in controls or
100mM 5-Itu-treated oocytes. Therefore, the deficiency in completing meiotic maturation
was not a consequence of impeding meiotic resumption when haspin was inhibited.
Regardless of the time of drug addition with respect to meiotic stage or the drug that we
used to inhibit haspin, we observed nearly identical phenotypic consequences – delays in
NEBD and polar body extrusion, and collapsed DNA structures that eventually re-enter
an interphase-like state.

Alteration of Haspin Activity Perturbs Chromosome Morphology by Delocalizing
Condensin
During the meiotic maturation experiments, we observed several abnormalities in
the oocytes delayed in Met I when haspin activity was inhibited. To more closely assess
these abnormalities, we matured control and haspin-inhibited oocytes to Met I prior to
fixation and detection of spindles and chromosomes. Compared with controls and oocytes
matured in 100 nM 5-Itu, oocytes matured in 500 nM 5-Itu frequently displayed
abnormal chromosomal morphology. Control and 100 nM 5-Itu-treated oocytes contained
clearly identifiable bivalent chromosomes nearly 95% of the time (Fig. 16A). However,
when haspin was inhibited with the higher dose of 5- Itu, we observed fewer Met I
oocytes with obvious bivalent chromosome structures (60%) and more that contained
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Figure 15. Inhibition of Haspin with CHR-6494. GV-intact oocytes were isolated and
matured in vitro in the presence of the indicated concentration of CHR-6494 prior to
analysis. (A). Oocytes were matured to Met I (7 h) prior to fixation and detection of
phosphorylated threonine 3 on histone 3 (H3pT3) (green), kinetochores (Crest antiserum) (red), and DNA (blue). Shown are representative z-projections obtained by
confocal microscopy from the same experiment. This experiment was repeated 3 times
with a minimum of 15 oocytes per group. (B) Timing of nuclear envelope breakdown
(NEBD) determined by live-cell imaging when matured in the indicated dose of CHR6494. Images were captured every 30 minutes. This experiment was repeated 3 times
with a minimum of 15 oocytes per group. Scale bars are 10 µm.
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either chromosomes with regions that appeared extended and overly ‘pointy’ at the ends
(5%) or chromosomes that were rounded and unusually compact (35%). This phenotype
was rescued when we overexpressed haspin in 5-Itu-treated oocytes, because we were
able to detect normal-shaped bivalents in 75% of the oocytes. Furthermore, this rescue
depended upon the catalytic activity of haspin (Fig. 16B). By contrast, and compared to
control- injected oocytes, when we overexpressed haspin, we observed the opposite
phenotype – the chromosomes appeared elongated as if they were unraveling when
matured to Met II (Fig. 16C,D). Furthermore, oocytes in Ana I always contained
chromosomes that formed anaphase bridges between segregating chromosomes (Fig.
12C). We note that we only observed abnormal morphology in the overexpression
experiments after exit from Met I. To compare the chromosome morphology between 5Itu-treated and haspin-overexpressing eggs at Met II, we performed chromosome spreads
and measured the area of each sister chromatid (Fig. 16D,E). Both perturbations reduced
the area of the chromatid (Fig. 16E). In 5-Itu-treated oocytes, the chromatids are smaller
in area because they are more rounded, whereas in the haspin-overexpressing oocytes the
area is smaller because they are thinner (Fig. 16D). Therefore, perturbation of haspin
activity alters chromosome morphology during MI.

These chromosome morphology phenotypes are identical to the phenotypes
observed when subunits of condensin were altered in mouse oocytes (Lee, Ogushi et al.
2011). Condensin is a multi-protein complex that regulates chromosome compaction in
mitosis and meiosis. Cells contain two complexes, condensin I and condensin II. SMC2 is
a protein that is common to both complexes. Similar to haspin, SMC2 is present at
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Figure 16. Perturbation of Haspin Alters Metaphase I Chromosome Morphology.
(A,B,F,G) Prophase-I-arrested oocytes were isolated and matured in vitro to Met I 7 h
((control) and 9 h (5-Itu)) in the presence of the indicated concentration of 5iodotubercidin (5-Itu). (B) Prior to maturation, oocytes were microinjected with PBS,
GFP–haspin or GFP–haspin-K466R. The 5-Itu dose was 500 nM. Resolved bivalents
were equivalent to ‘normal’ in panel A. (C,H,I) Prophase-I-arrested oocytes were
isolated, microinjected with the indicated cRNA (green) and matured in vitro to Met II
(16 h) (C) or Met I (7 h) (H,I) prior to analysis of chromosome morphology by DAPI
staining (C) or SMC2 localization (red, H) and abundance (I). (D) Oocytes were matured
in ethanol (EtOH) or 500 nM 5-Itu, or microinjected with PBS or GFP–haspin before
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maturation to Met II (18 h) prior to lysis and spreading of chromosomes. (E) Area
measurements were taken of each sister chromatids using the freehand line tool in
ImageJ. Each point is the area of a single chromatid from the eggs in D. DNA was
detected by DAPI staining. In C,D, the number labels and asterisks correspond to the
magnified image panels demonstrating the morphology phenotypes. (F,H) SMC2 (red)
and DNA (blue) were detected by immunocytochemistry. Shown are representative Zprojections obtained by confocal microscopy. In F,H, the laser power was set so that the
brightest group was not saturated. These experiments were repeated at least three times
with a mean of 15 oocytes per group. Data are expressed as the mean±s.e.m.; *P<0.05
(one-way ANOVA, G; Student's t-test, I). Scale bars: 10 µm.
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centromeres and at sister chromatid axes in mouse oocytes at Met I (Lee, Ogushi et al.
2011). To determine whether the abnormal chromosome morphology could be correlated
with loss of localized condensin, we performed immunocytochemistry on oocytes that
were matured to Met I in the presence of the haspin inhibitor. Control oocytes contained
SMC2, as reported previously (Fig. 16F,G). By contrast, inhibition of haspin decreased
detectable SMC2 by 20% following treatment with 100 nM 5-Itu and by 60% after
treatment with 500 nM 5-Itu (Fig. 16G). Consistent with these data, in oocytes where we
overexpressed haspin, we found a twofold increase in the amount of SMC2 on Met I
chromosomes (Fig. 16H,I). In mitosis, haspin inhibition causes loss of cohesin at
centromeres (Dai, Sullivan et al. 2006). We also assessed sister chromatid cohesin in 5Itu-treated oocytes by conducting immunocytochemistry of Met I oocytes. Detection of
the meiosis-specific REC8 cohesin subunit revealed that, in Met I, inhibition of haspin
did not perturb cohesin (Fig. 17A,B). These data are further supported by the presence of
SGOL2 at centromeres, indicating that sister chromatid cohesion is still intact and
protected from premature proteolysis (Fig. 17C). Furthermore, we did not detect changes
in REC8 localization or levels when haspin was overexpressed (Fig. 17D,E). Therefore,
these data suggest that haspin regulates the loading of condensin to meiotic chromosomes
and does not regulate the removal of cohesin.

Alteration of H3pT3 Levels Prevents AURKC-CPC from Localizing to Meiosis I
Interchromatid Axis
In mitosis, phosphorylation of H3T3 recruits AURKB-CPC to centromeres to
regulate chromosome alignment and kinetochore– microtubule attachment (Dai and
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Higgins 2005, Dai, Sultan et al. 2005, Dai, Sullivan et al. 2006, Wang, Dai et al. 2010,
Yamagishi, Honda et al. 2010, De Antoni, Maffini et al. 2012, Wang, Ulyanova et al.
2012). To determine whether AURKC-CPC is regulated in the same manner, we detected
endogenous AURKC by immunocytochemistry in oocytes matured in 5-Itu to Met I. In
100 nM of 5-Itu, 40% of oocytes still contained AURKC at centromeres and along the
ICA (Fig. 18A,B). To our surprise, although oocytes lost H3pT3 both at centromeres and
the ICA in 500 nM 5-Itu (Fig. 13A,B), Met I oocytes only lost AURKC along the ICA
(Fig. 18A,B). To quantify the presence and amount of AURKC at centromeres, we
plotted the signal intensities along individual chromosomes in each oocyte using CREST
to mark the sister kinetochore pairs as the start and end points (Fig. 18C). These analyses
confirmed our qualitative assessment that AURKC signal was reduced along the ICA
compared with that of controls, but not at kinetochores. We found identical results when
either 5-Itu or CHR was added to culture medium after oocytes completed NEBD (Fig.
19A–D). Overexpression of AURKC in 5-Itu- treated oocytes did not rescue the ICA
localization defect (data not shown). Therefore, H3pT3 is a prerequisite for driving
localization of AURKC to the ICA but not to kinetochores during Met I.

To confirm that the CPC, and not just AURKC, is delocalized, we also detected
the localization of survivin (also known as BIRC5) in 5-Itu-treated oocytes. In mitosis,
survivin detects the H3pT3 mark and is responsible for docking the complex at
kinetochores (Kelly, Ghenoiu et al. 2010, Niedzialkowska, Wang et al. 2012). Similar to
AURKC, we observed loss of survivin along the ICA, but retention at kinetochores (Fig.
18D–F). Similar results were obtained when 5-Itu was administered after meiotic
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Figure 17. Perturbation of Haspin Does Not Affect Sister Chromatid Cohesion at
Metaphase I. (A,B) Germinal-vesicle-intact oocytes were isolated and matured in vitro
to Met I (7 h) in the presence of the indicated concentrations of 5-Itu prior to fixation.
Oocytes were stained for REC8 (green), kinetochores (CREST anti-sera, red) and DNA
(blue). (C–E) Germinal-vesicle-intact oocytes were isolated, microinjected with the
indicated cRNA and matured in vitro to Met I (7 h) prior to fixation. In C, ethanol
(EtOH) or 5-Itu was added to the maturation medium. Samples were stained for REC8
(red) and DNA (red in C, blue in D). Shown are representative Z-projections obtained by
confocal microscopy from the same experiment. Scale bars: 10 µm. (B,E) Quantification
of the REC8 signal along chromosomes. Data show the mean ± s.e.m. These experiments
were repeated at least twice with 10–15 oocytes per group. The data were not statistically
significant [one-way ANOVA (B) or Student's t-test (E).
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Figure 18. Inhibition of Haspin Perturbs AURKC-CPC Interchromatid Axis
Localization. Prophase-I-arrested oocytes were isolated and matured in vitro to Met I (7
h for control, 9 h for 5-Itu) in the presence of the indicated concentrations of 5iodotubercidin (5-Itu). (A,D,G) The indicated CPC subunits (green in merge) were
detected by immunocytochemistry and shown are representative images. The ‘zoom’
panels highlight the presence of the CPC subunit remaining at the kinetochore (CREST
antisera; red in merge) but diffusely localized along the ICA. The zoomed images show a
selected chromosome from an optical slice before Z-projection. Scale bars: 10 µm.
(B,E,H) Quantification of CPC subunit localization. K+diffuse, kinetochore and diffuse
signal on interchromatid axis; K+ICA, kinetochore and interchromatid axis; diffuse, no
kinetochore or interchromatid axis localization using a qualitative method. (C,F,I)
Examples of quantitative assessment of the chromosome image in the zoom, using the
‘plot profiles’ function in ImageJ. The analyses show CPC subunit localization on
chromosomes, following the use of CREST antisera to mark the kinetochores. These
experiments were repeated at least three times with 15 oocytes per group. EtOH, ethanol.
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resumption (Fig. 19E,F). This perturbed localization pattern of survivin was more severe
in the 100 nM group than that of AURKC. However, the antibody that recognizes
survivin is not as robust as the AURKC-specific antibody, and the differences might
reflect this. Alternatively, some AURKC might localize to the ICA independent of the
CPC. Regardless, ICA-localized CPC is perturbed when haspin is inhibited.

AURKB and AURKC phosphorylate a component of the CPC, called INCENP.
To assess localized activity of AURKC, we detected the AURKC-phosphorylated form of
INCENP (pINCENP) by immunocytochemistry. Similar to the results with AURKC, we
observed a loss of pINCENP along the ICA beginning in the low dose of 5-Itu, and
complete absence of pINCENP from the ICA in the high dose (Fig. 18G–I). Similar
results were obtained when 5-Itu was administered after meiotic resumption (Fig.
19G,H). Taken together, haspin activity is required to localize AURKC-CPC to the ICA
but not to kinetochores during Met I.

We also conducted an experiment to drive excess AURKC- CPC to Met I
chromosomes by overexpressing GFP–haspin. Although H3pT3 greatly increased all over
the chromosomes (Fig. 12D), we still observed perturbed AURKC-CPC ICA localization
and activity (Fig. 20A–C). We note that kinetochore signals were slightly lower,
although not absent, compared with those of controls. Because chromosome morphology
is grossly altered in haspin- overexpressing oocytes, we do not know whether AURKCCPC localization is also sensitive to high levels of H3pT3 or if the elongated morphology
makes the localization appear diffuse by our detection methods. Furthermore, we
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Figure 19. Inhibition of Haspin after Nuclear Envelope Breakdown Perturbs
AURKC-CPC Interchromatid Axis Localization at Metaphase I. GV-intact oocytes
were isolated and matured in vitro to Met I (7 h) in the presence of the indicated
concentration of 5-Itu (A, E, G) or CHR-6494 (C). The inhibitor was added after NEBD.
The indicated CPC subunits (green) were detected by immunocytochemistry and shown
are representative images. The chromosome marked by the box is depicted in the “zoom”
panel and is the representative chromosome selected for the Image J plot profile line
scans in B, D, F, and H. These experiments were repeated at least 2 times with 15 oocytes
per group. DNA (blue). Scale bars are 10 µm. EtOH, ethanol.
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observed a partial rescue in AURKC ICA localization when wild-type but not
catalytically inactive haspin was overexpressed in 5-Itu-treated oocytes (Fig. 20D). That
is, within the same oocytes, some chromosomes displayed more clear AURKC ICA
localization than others. These data might reflect the need for a precise amount of H3pT3
that we cannot control in our experimental procedure.

Inhibition of Haspin Perturbs Kinetochore-Microtubule Attachments Causing
Aneuploidy
AURKC is required to regulate chromosome alignment during Met I through
destabilizing improper kinetochore–microtubule attachments (Balboula and Schindler
2014). When AURKC activity is inhibited, oocytes that mature to Met II are aneuploid.
To determine whether altered AURKC-CPC arm localization is associated with these
meiotic defects, we first matured oocytes in the presence of 5-Itu to Met I to assess
chromosome alignment in the oocytes that had a bipolar spindle. We found that as the
dose of 5-Itu increased, the percentage of chromosome misalignment also increased.
18.56% ± 3.68% (mean ± s.e.m.) of control oocytes had chromosomes not properly
aligned on the Met I plate and 27.78% ± 1.0% of oocytes incubated in 100 nM 5-Itu had
chromosome misalignment (data not shown). Oocytes incubated in 500 nM 5-Itu had a
significant increase in chromosome misalignment (P = 0.05, one-way ANOVA), as
49.78% ± 7.95% were aberrant (data not shown). Therefore, inhibition of haspin causes
chromosome misalignment at the Met I plate.

Next, we performed an assay to assess the types of attachments the spindle made
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Figure 20. Overexpression of Haspin Perturbs AURKC-CPC Interchromatid Axis
Localization at Metaphase I. GV- intact oocytes were isolated, microinjected with the
indicated cRNA (green) and matured in vitro to Met I (7 h) prior to fixation and analysis.
The plots on the right of the image panels are examples of quantitative assessments of
CPC subunit (red in merge) localization on chromosomes. These experiments were
repeated at least 2 times with 10- 15 oocytes per group. DNA was detected by DAPI
staining (blue). (D) The dose of 5-Itu was 500 nM and chromosomes selected for the
zooms are marked by asterisks. Scale bars are 10 µm.
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to kinetochores. Spindle fibers attached to kinetochores are stable under conditions such
as cold treatment, whereas the remainder of the spindle is sensitive and depolymerizes
(Rieder 1981). This treatment allows better visualization of the kinetochore-attached
microtubules. After a brief pulse of cold medium, we fixed oocytes and performed
immunocytochemistry to detect the attached microtubules and kinetochores. We found
that when incubated in 500 nM of 5-Itu, 30% of kinetochores displayed abnormal
attachments (fibers that did not come from one pole to attach to both sister kinetochores)
and 30% were not attached at all (Fig. 21A,B). Less than 10% of controls contained these
defects. Similarly, when we assessed attachments in oocytes overexpressing haspin
compared with Gfp-injected controls, nearly 55% of kinetochores were improperly
attached (Fig. 21C,D).

Finally, to assess the consequences of these defects, we matured oocytes to Met II
and performed an in situ chromosome spread to determine chromosome number. The
data showed that when haspin was inhibited or overexpressed, 60% of oocytes were
aneuploid (Fig. 21E,F). However, the chromosome morphology at Met II and types of
aneuploidy were different between the experimental groups. When we inhibited haspin,
the chromosome morphology at Met II was more rounded (Fig. 16C), and the eggs
typically contained one extra or one fewer univalent. By contrast, the chromosomes in
eggs containing excess haspin were hypercondensed (Fig. 16C), and we frequently
observed separated sister chromatids even when the chromosome count was normal
(totaling 40) (Fig. 16C; Fig 21F). Furthermore, the chromosome content ranged from 36
to 42, indicating that MI was severely aberrant, consistent with the presence of
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chromosome bridges in Ana I (Fig. 12C). The presence of separated sisters at Met II but
presence of REC8 and SGO2L at Met I indicates that either cohesin is not being
protected after Met I or that the rigidity of the chromosomes is somehow causing the
sisters to fall apart once the spindle begins to pull during Ana I. In summary, perturbing
AURKC localization at the ICA by either haspin inhibition or overexpression alters the
ability of the oocytes to correct improper kinetochore–microtubule attachments, leading
to misalignment at the Met I plate and, ultimately, to aneuploidy in Met II eggs. Because
these phenotypes are similar to that of global inhibition of AURKC (Balboula and
Schindler 2014), the data suggest that ICA- localized AURKC-CPC, and not kinetochorelocalized AURKC- CPC, regulate the attachment process during MI.

VI.

Discussion
Although haspin was originally identified as a haploid-cell- specific gene

(Tanaka, Yoshimura et al. 1999), its function in meiosis or in oocytes was not yet
determined. This is the first report to confirm that mouse oocytes contain active haspin
kinase and to define a role for its function. We find that its activity is required for several
steps of MI. First, haspin is required to promote meiotic resumption (Fig. 13C), and later,
haspin regulates the localization of AURKC-CPC to the ICA (Fig. 18). Similar to loss of
AURKC function (Balboula and Schindler 2014), when oocytes have perturbed haspin
activity, there is a persistence of improper kinetochore–microtubule attachments that
ultimately leads to aneuploid eggs (Fig. 21). Therefore, haspin is a crucial regulator of MI
chromosome segregation in mouse oocytes.
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Figure 21. Perturbation of haspin alters kinetochore–microtubule attachments and
causes aneuploidy. (A,B) Prophase-I-arrested oocytes were isolated and matured in vitro
to Met I (7 h and 9 h) in the presence of 500 nM 5-Itu prior to exposure to cold medium
and fixation. Microtubules (green), kinetochores (red) and DNA (blue) were detected by
confocal microscopy. Shown are representative Z-projections and optical slices. (B)
Quantification of the types of attachments of each kinetochore per oocyte. At least 12
kinetochores were analyzed per oocyte and 40 oocytes were analyzed per group. (C,D)
Prophase-I-arrested oocytes were isolated, microinjected with buffer or haspin cRNA and
matured in vitro to Met I (7 h) prior to exposure to cold medium and fixation. Analysis
was conducted as in A,B. Magn., magnified view of the area outlined in white. Scale
bars: 10 µm. (E) Germinal-vesicle-intact oocytes were isolated and matured in vitro to
Met II (16 h) in the presence of 500 nM 5-Itu. (F) Oocytes were treated as in E, but were
microinjected with buffer or haspin cRNA prior to maturation. For E,F, after maturation,
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eggs were exposed to monastrol to collapse the spindle and spread the chromosomes.
After fixation, DNA (blue in merge) and kinetochores (red in merge) were detected by
epifluorescence microscopy. The images on the right demonstrate a typical spread and
the difference in chromosome morphology between 5-Itu and overexpression treatments.
All experiments were repeated three times. The quantitative data show the mean±s.e.m.;
*P<0.05; ****P<0.0001 [Student's t-test (F,G), two-way ANOVA (B,D)]. EtOH,
ethanol.
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It is intriguing that haspin mRNA is much more highly expressed in meiotic cells
compared with mitotic cells (Tanaka, Yoshimura et al. 1999). Because MI involves
keeping sister chromatids together while homologs segregate, it is possible that haspin
plays additional or different roles in regulating MI than it does in regulating mitotic
chromosome segregation. Our findings that H3T3 phosphorylation extends along the ICA
at Met I (Fig. 12A), where other meiosis-specific proteins localize (Lee, Kitajima et al.
2008, Shuda, Schindler et al. 2009, Balboula and Schindler 2014) are consistent with this
hypothesis. AURKC is also more highly expressed in meiotic cells and has a MI-specific
localization at the ICA (Shuda, Schindler et al. 2009, Schindler, Davydenko et al. 2012,
Balboula and Schindler 2014). In mitosis, phosphorylation of H3T3 at centromeres drives
AURKB localization to this locale, where it is required to regulate kinetochore–
microtubule attachments (Dai, Sullivan et al. 2006, Markaki, Christogianni et al. 2009,
Wang, Dai et al. 2010, Yamagishi, Honda et al. 2010, Wang, Ulyanova et al. 2011,
Wang, Ulyanova et al. 2012). We found that inhibition of haspin specifically affects the
localization of AURKC at the ICA, and not at the kinetochore (Fig. 18). However,
improper kinetochore–microtubule attachments persist following haspin inhibition (Fig.
21A). These data suggest that, unlike in mitosis, ICA-localized AURKC-CPC regulates
these attachments. Consistent with this hypothesis is recent data demonstrating that
kinetochore-localized AURKC is not activated at Met I (Rattani, Wolna et al. 2013).
Therefore, our data provide insight into the importance of localized AURKC-CPC
activity at chromosome arms and how that targeting is controlled. Furthermore, these data
suggest that meiosis-specific signaling molecules modify mitotic chromosome
segregation to meet the needs of MI.
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In contrast to a report on the role of haspin in mitosis (Dai, Sullivan et al. 2006),
we found that sister chromatid cohesion appeared to be intact but chromosome
condensation was perturbed (Figs 16, 17). Condensins play an essential role in
establishing chromosome architecture and regulating chromosome segregation (Kimura,
Cuvier et al. 2001, Losada, Hirano et al. 2002, Ono, Losada et al. 2003, Hirano 2012)
SMC2, the subunit common to both condensin I and II fails to localize to chromosomes
when haspin is inhibited, and twice as much localizes when haspin is overexpressed (Fig.
16). The chromosome morphology phenotypes that we observed following haspin
inhibition and overexpression are consistent with the reported phenotypes associated with
loss and gain of condensin II, respectively (Lee, Ogushi et al. 2011). These phenotypes
include controlling bivalent individualization, compaction and resolution prior to loss of
cohesin during anaphase onset, and chromosome misalignment. Interestingly, the
spatiotemporal dynamics of the complexes differ between mitosis and meiosis (Lee,
Ogushi et al. 2011). In mitosis, condensin I loads onto chromosomes in prometaphase,
whereas in oocyte meiosis it is restricted at centromeres through Met I and does not
associate with chromosomes until Ana I. Condensin II loads onto chromosome axes prior
to NEBD in mitosis, but loads after NEBD during meiosis. Therefore, compared with
mitosis, there is a delay in condensin loading in meiosis. We found an increase in H3T3
phosphorylation after NEBD (Fig. 14). In other systems, AURKB regulates the
localization of condensin I (Lipp, Hirota et al. 2007, Collette, Petty et al. 2011,
Nakazawa, Mehrotra et al. 2011, Bembenek, Verbrugghe et al. 2013). Given that
inhibition of haspin prevents AURKC- CPC from localizing to chromosomes, it is
feasible that the loss of SMC2 localization is a direct consequence of loss of localized
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AURKC-CPC activity. However, we cannot at this point rule out a direct effect of loss of
H3pT3 on condensin loading. Moreover, because we observe loss of SMC2 on
chromosomes in Met I (Fig. 16), it is likely that haspin inhibition is preventing condensin
II loading. The differences of condensin and Aurora-CPC localizations and functions
between mitosis and meiosis are intriguing and future studies will shed light on how these
complexes control MI to prevent aneuploidy.

Mammalian oocytes contain both AURKB and AURKC, which are highly similar
in sequence and in biochemical function (Sasai, Katayama et al. 2004, Slattery, Mancini
et al. 2009, Fernandez-Miranda, Trakala et al. 2011, Schindler, Davydenko et al. 2012).
In mitosis, phosphorylation of H3T3 by haspin drives AURKB-CPC to kinetochores
(Wang, Dai et al. 2010, Yamagishi, Honda et al. 2010, Wang, Ulyanova et al. 2011).
However, in meiosis, AURKC localizes to kinetochores and the ICA, whereas AURKB
localizes to the spindle (Balboula and Schindler, 2014). We previously showed that
although AURKB can compensate for AURKC in Aurkc-/-oocytes, AURKC has nonoverlapping functions from AURKB in wild-type oocytes (Schindler, Davydenko et al.
2012, Balboula and Schindler 2014). These functions include regulating the correction of
improper kinetochore–microtubule attachments to ensure correct chromosome alignment
and segregation during MI (Balboula and Schindler 2014). Because haspin and H3pT3
have a similar localization pattern to AURKC, haspin inhibition delocalizes ICAlocalized AURKC, and these oocytes have similar phenotypes to those of oocytes with
loss of AURKC activity, we attribute the defects to loss of localized AURKC-CPC
function (Balboula and Schindler 2014). We do not yet know formally whether haspin
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has a meiosis-specific role in regulating AURKB. Furthermore, we detected haspin at the
polarized actin cap in Met II eggs (Fig. 12E). In budding yeast, the haspin homologs,
Alk1 and Alk2 regulate actin distribution to coordinate cell polarization with the cell
cycle (Panigada, Grianti et al. 2013). Therefore, further studies are warranted to
determine the specificity of haspin for the AURKs and potential roles in regulating egg or
embryonic polarity.

Our studies reveal that regulation of AURKC-CPC localization is complex
(Balboula and Schindler 2014, Balboula, Stein et al. 2014). Histone modifications appear
to be the main driving force of regulation. For instance, AURKC-CPC is lost from
kinetochores and the ICA in oocytes depleted for RBBP7, a component of histone
deacetylase complexes. In these oocytes, histones are hyperacetylated and display the
hallmark phenotypes associated with loss of AURKC activity – chromosome
misalignment, a persistence of improper kinetochore–microtubule attachments and
aneuploidy. In this case, overexpression of AURKC can rescue the localization and
phenotypic defects. Therefore, histone acetylation might be required to maintain AURKC
localization. By contrast, phosphorylation of H3T3 by haspin appears to regulate
AURKC-CPC loading because overexpression does not restore its ICA localization or
rescue the phenotypic defects. Most intriguing is the specificity for regulating the loading
of a subpopulation AURKC. In mitosis, BUB1 phosphorylates histone H2A at T120 at
centromeres, and also participates in regulating AURKB-CPC localization (Yamagishi,
Honda et al. 2010). It will be of interest to investigate this regulatory pathway in oocyte
meiosis to determine whether there is specificity for regulating the kinetochore
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population of AURKC. In summary, these studies are the first to shed light on localized
AURKC function and to highlight important differences in how chromosome segregation
is regulated between MI and mitosis.
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Chapter III:
Genetic Interactions Among the Three Aurora Kinases Reveal New Functions in
Mammalian Female Meiosis
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I.

Preface
This chapter is in the peer review process, as presented here, in Current Biology,

2018. My contributions to this project and paper included experiment design and
performance, data analysis, figure preparation, and manuscript editing. Authorship on
this publication as submitted for publication; Alexandra L. Nguyen, David Drutovic,
Amanda S. Gentilello, Marcos Malumbres, Petr Solc, and Karen Schindler.

II.

Abstract
Mammalian germ cells express three Aurora kinases (AURKA, AURKB,

AURKC), unlike mammalian mitotic cells that express two Auroras (A, B), and simple
eukaryotes, like budding yeast, that encode only one (Ipl1; AURKA-like). Why germ
cells require three Aurora kinases has been a mystery. Here we solve this mystery using
mouse oocytes. We find a new function for AURKC to restrict AURKA to spindle poles
thereby ensuring proper spindle biogenesis and efficient completion of meiosis I.
Furthermore we demonstrate a new meiosis-specific function for AURKB in negatively
regulating AURKC activity. These new functions are essential for maximum fertility and
gamete euploidy. These data demonstrate novel negative genetic interactions amongst the
Aurora kinase family members when AURKC is expressed; a finding that could have
important implications in cell types like some cancers that aberrantly express Aurkc.

III.

Introduction
Mistakes in chromosome segregation can lead to the production of aneuploid

daughter cells, a situation in which the chromosomal content is abnormal. The Aurora
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kinases (AURKs) are a family of serine/threonine kinases critical to regulating
chromosome segregation in both mitosis and meiosis (Carmena, Wheelock et al. 2012,
Nguyen and Schindler 2017). While the kinases are conserved from yeast to mammals,
organisms and cell types differ by which Aurora kinase homologs they express (Brown,
Koretke et al. 2004). For example, simple eukaryotes, such as budding yeast, encode a
single Aurora kinase (Ipl1; mammalian AURKA-like), which associates with
microtubules and carries out diverse functions such as regulating bipolar spindle
assembly, ensuring chromosome alignment, monitoring kinetochore-microtubule
attachments and the spindle assembly checkpoint, and regulating cytokinesis (Gopalan,
Chan et al. 1997, Biggins, Severin et al. 1999, Buvelot, Tatsutani et al. 2003, Pinsky,
Kung et al. 2006, Shirk, Jin et al. 2011). Mammalian mitotic cells express two Aurora
kinases (AURKA, AURKB), which have spatially distinct functions at centrosomes and
chromosomes, respectively (Carmena, Ruchaud et al. 2009). Mammalian gametes, that
undergo meiosis, express a third Aurora kinase, Aurkc. While strict localization dictates
function of the two Aurora kinases in mitosis, how meiotic cells use and regulate three
Aurora kinases is not understood.

Aurkc likely arose through a gene duplication of Aurkb (Brown, Koretke et al.
2004). Gene duplication can allow functional redundancies and/or create new functions to
provide cells an advantage (Ohno 1970, Kafri, Springer et al. 2009). It is therefore
tempting to speculate that the addition of Aurora kinase homologs through the
evolutionary timescale facilitated the new functional requirements that arose with
increasing cellular complexity. Unique properties including a prolonged cell-division
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cycle and an acentriolar meiotic spindle make mammalian oocytes particularly complex
compared to most somatic cells (Schuh and Ellenberg 2007, Tripathi, Kumar et al. 2010,
Holt, Lane et al. 2013, Clift and Schuh 2015). This prolonged cell cycle is achieved by a
pause at prophase of meiosis I (MI) in fetal development, resumption and completion of
MI upon ovulation in a sexually mature adult, and arrest again at metaphase of meiosis II
(Met II) until fertilization (Tripathi, Kumar et al. 2010, Holt, Lane et al. 2013).
Mammalian oocytes also are challenged with clustering multiple (upwards of 80)
microtubule-organizing centers into two functional spindle poles (Schuh and Ellenberg
2007, Clift and Schuh 2015, Holubcova, Blayney et al. 2015). Consistent with gaining
new functions in meiosis, AURKC has at least one non-chromosomal function where it
localizes to spindle poles in mouse oocytes, aiding in the clustering of these acentriolar
microtubule-organizing centers (Balboula, Nguyen et al. 2016).

While the presence of three Aurora kinases could allow functional diversification,
redundancies do exist, because, although AURKC is the predominant Aurora that
functions on chromosomes in mouse oocytes, AURKB compensates in this role in Aurkc/-

oocytes (Schindler, Davydenko et al. 2012, Balboula and Schindler 2014). The high

sequence and functional similarities between AURKB and AURKC have made the
molecular details underlying a potential benefit of expressing three Aurora kinases in
gametes unclear.

To answer the question of why mammalian germ cells require three Aurora
kinases, we evaluated mouse oocytes, one of the few biological systems in which all three
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Auroras are expressed. Using this model we asked if a single Aurora kinase, similar to
the ancestral situation, could support meiotic maturation in female gametes. Surprisingly,
female mice that lacked Aurkb and Aurkc in their oocytes were not infertile. We
demonstrate that AURKA binds to chromosomes in a manner dependent upon the
chromosomal passenger complex (CPC) and phosphorylates known AURKB/C substrates
in their absence. Further characterization of Aurkc-/- oocytes and rescue experiments
indicate a new function for AURKC to restrict AURKA to spindle poles. These data also
reveal, for the first time, a requirement for AURKB in female meiosis. Removal of Aurkb
from oocytes resulted in aneuploid metaphase II-arrested eggs that had prematurely
separated sister chromatids (PSSC). Further characterization of these oocytes revealed a
significant increase in AURKC activity that causes PSSC, indicating that AURKB
restricts AURKC. Together, these data highlight that the addition of a third Aurora kinase
has forced meiosis-specific compensatory mechanisms and negative interactions to
generate healthy female gametes.
IV.

Materials and Methods

Generation of Mouse Strains and Genotyping
Generation and genotyping of Aurkc-/- mice were described previously (Kimmins,
Crosio et al. 2007, Schindler, Davydenko et al. 2012). Taconic Biosciences transferred
cryopreserved Aurkc+/- embryos containing a Neo cassette into pseudopregnant females.
Pups were transferred to University of Pennsylvania and then Rutgers University for
subsequent breeding and generation of Aurkc-/- animals. Aurkc deletion was detected by a
TaqMan copy number assay using primers/probes to detect Neo (Assay #
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Mr00299300_cn) and Tfrc (for sample normalization; Assay #4458366). The delta-delta
Ct method was used to determine expression levels (Schindler, Davydenko et al. 2012).
The floxed Aurkb mice were generated previously (Fernandez-Miranda, Trakala et al.
2011). A conditional targeting construct was assembled by flanking exons 2-6 of the
murine Aurkb locus with loxP sequences. To generate Aurkbfl/fl Gdf9-Cre or Aurkb fl/fl
Zp3-Cre mice, female mice carrying the Aurkb floxed alleles were crossed with either
GDF9-Cre or Zp3-Cre males (Jackson Laboratories, Tg(Gdf9-icre)5092Coo/J, #011062,
tg(Zp3-cre)93Knw/J, #003651 respectively (Lan, Xu et al. 2004)). Genotyping for LoxP
and Cre were carried out as described previously using PCR amplification (FernandezMiranda, Trakala et al. 2011, Balboula and Schindler 2014). Primers for Aurkb LoxP
(Forward: 5’ - AGGGCCTAATTGCCTCTTGT- 3’, Reverse: 5’ GGGCATGAATTCTTGAGTCG- 3’), Gdf9-Cre (Forward: 5’ TCTGATGAAGTCAGGAAGAAC C- 3’, Reverse: 5’ GAGATGTCCTTCACTCTGATT C-3’, Internal control Forward: 5’ CTAGGCCACAGAATTGAAAGATCT- 3’, Internal control Reverse: 5’ GTAGGTGGA AATTCTAGCATCATC C- 3’), and Zp3-Cre (Forward: 5’ CCATCTGCCACCAGC CAG- 3’, Reverse: 5’ -TCGCCATCTTCCAGCAGG- 3’,
Internal control Forward: 5’ -ACTGGGATC TTCGAACTCTTTGGAC- 3’, Internal
control Reverse: 5’ - GATGTTGGGGCACTGCTCATTCACC- 3’) were used at 20
pMol using FastMix Frenche PCR beads (Bulldog Bio, #25401) following manufacturers
protocol. PCR conditions are available on request. To generate Aurkb cKO Aurkc
heterozygous and double KO mice, Aurkbfl/fl Gdf9-Cre mice were crossed onto the
Aurkc−/− background. All animals were in a mixed background of C57BL/6J, 129/Sv, and
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CD1 and maintained following the Rutgers Institutional Animal Use and Care Committee
and National Institutes of Health guidelines.

Fertility Trials
Sexually mature (6 wk) wild-type Aurkbfl/fl (WT), Aurkbfl/fl; Gdf9-Cre, Aurkc-/-,
Aurkbfl/fl; Gdf9-Cre; Aurkc-/-, and Aurkbfl/fl; Zp3-Cre, and female mice were continuously
mated to wild-type B6D2 (Jackson Laboratories) male mice (8 wk) until a total of 6
litters were born or 11 months had passed. Cages were checked daily for pups.

Oocyte and Embryo Collection, Culture, and Microinjection
Fully grown, prophase I-arrested oocytes were collected from the ovaries of 4-8week-old female mice 48 hours after intraperitoneal injection of 5IU of pregnant mare’s
serum gonadotropin (PMSG) (Calbiochem #367 222). To prevent spontaneous meiotic
resumption 2.5 μM milrinone (Sigma-Aldrich #M4659) was added to bicarbonate free
minimal essential medium (MEM) containing, 25 mM Hepes, pH 7.3, 3 mg/mL
poyvinylpyrrolidone (PVP) for collection and microinjection. Microinjected oocytes were
denuded and injected with ~10 pl of the indicated material and allowed to incubate
overnight in Chatot, Ziomek, and Bavister (CZB) medium containing milrinone. To
induce meiotic resumption, oocytes were cultured in milrinone-free CZB medium in an
atmosphere of 5% CO2 in air at 37 °C. Oocytes that had not undergone nuclear envelope
breakdown within 2 hours of meiotic resumption were removed from the experiment.
Oocytes were matured for 7.5 hours for metaphase I experiments or 18 hours for
metaphase II analysis.
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For induced ovulation and collection of metaphase II eggs, female mice (6-8 wks.
age) were injected with 5IU of PMSG followed by 5IU of equine choronic gonadotropin
(eCG) (Sigma-Aldrich # CG5, St Louis, USA) 48h later. 16h post eCG injection,
cumulous-enclosed egg complexes were collected from the oviduct and cultured in
hyaluronidase (2mg/ml, Sigma #H4272) in MEM for 5 min. Denuded eggs were then
washed free of hyaluronidase and allowed to recover for 5 min prior to fixation.

ML8237 (Alisertib; Selleckchem #S1133), Monastrol (Sigma #M8515), and
ZM447439 (Tocris #2458) were dissolved in dimethyl sulfoxide (DMSO) (Sigma
#472301) and added to the CZB culture media at a final concentration of 4 µM, 100 µM,
and 5 µM respectively. In vitro maturation of drug-treated oocytes was performed in
organ culture dishes (Becton Dickinson #353037) under humidified conditions.

Morpholino oligonucleotides specific for INCENP were designed and produced
by genetools as previously described (Sharif, Na et al. 2010, Balboula, Nguyen et al.
2016). Morpholino sequences are INCENP 5′-CGTCTTCCCGGACCACTCCTTTTCC3′ and control, 5′-GCGCCCCCGCCGTTTCAAAGACAAA-3′. All morpholinos were
injected at a concentration of 100 mM.

Constructs and cRNA Generation
Generation of Aurka and Aurkc constructs were previously described (Shuda,
Schindler et al. 2009). Aurka and Aurkc were PCR amplified from a C57BL/6 12.5d
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embryo cDNA library. Sequences were then amplified and cloned into pIVT-GFP. The
Aurka-G220N-gfp and Aurkc-N81G-Gfp mutants were generated by site-directed
mutagenesis using the Quikchange Lightening Multi site-directed Mutagenesis kit
(Agilent Technologies #210514) per the manufacturers protocol. For Aurka-G220N-Gfp
nucleotides #631-632 (amino acid 220) were changed to AA, and for Aurkc-N81G-Gfp
nucleotides #215-216 (amino acid 81) were changed to GG. mEGFP-Cdk5rap2 cRNA
was produced from a pGEMHE vector containing mouse full-length Cdk5rap2
(NM_145990.4) N-terminally fused to EGFP (a gift from Tomoya Kitajima, RIKEN,
Japan). To generate cRNA, plasmids were linearized with NdeI, purified (Qiagen,
QIAquick PCR Purification, #28104), and in vitro transcribed using an mMessage
mMachine T7 kit (Ambion, #AM1340), according to manufacturer’s protocol. The
synthesized cRNAs were then purified using an RNAeasy kit (Qiagen #74104) and stored
at −80°C. All cRNAs were injected at 500 ng/mL.

Real-Time PCR
Twenty prophase-I arrested oocytes were collected and frozen before processing.
Gfp mRNA (2ng) was added to all samples and used as the reference gene. Total RNA
for each mixture was purified using the Picopure RNA isolation kit (Thermo Fisher
#KIT0204) per the manufacturer’s protocol. cDNA was generated by reverse
transcription utilizing random hexamers and SuperScript II (Thermo Fisher #18064014).
Expression levels of the Aurks were measured by quantitative real-time PCR analysis
acquired using an ABI Prism 7000 (Life Technologies) according to the manufacturer’s
instructions. Taqman probes specific for Aurkb, and Aurkc (MM01718140_m1, and
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MM03039426_g1, respectively, Life Technologies, Grand Island, NY) were used for
gene expression detection and the comparative Ct method was used to determine the
difference in expression between samples (Livak and Schmittgen 2001).

Western Blotting
A total of 100 prophase-I arrested oocytes were mixed with SDS sample buffer
(1% SDS, 1% β-mercaptoethanol, 20% glycerol, 50 mM Tris-HCl (pH 6.8)), and
denatured at 95°C for 10 min. Western blotting was performed as previously described
(Fellmeth, Gordon et al. 2015) followed by incubation of the membrane overnight using
the antibody dilution anti-AURKA (1:500; Bethyl #A300-072A), or anti-a-tubulin
(1:10,000; Sigma-Aldrich #T-6074). The membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (GE Healthcare Biosciences, #NA931,
Pittsburgh, USA) for 1 h. Protein bands were detected using the ECL Select western
blotting detection reagents (Amersham, #RPN2235) following the manufacturer’s
protocol.

Immunocytochemistry
Following meiotic maturation, oocytes were fixed in PBS containing
paraformaldehyde (PFA) at room temperature (CREST and pINCENP: 2% PFA for 20
mins; pAURKA; pHEC1, REC8, and SGO2: 2% PFA + 0.1% Triton-X for 20 mins;
TPX2: 3.7% PFA 1 h) or 100% methanol at -20 °C (AURKA: 10 min) followed by 2
consecutive washes through blocking buffer (PBS + 0.3% (wt/vol) BSA + 0.1% (vol/vol)
Tween-20). Prior to immunostaining, oocytes were permeabilized for 20 min in PBS
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containing 0.1% (vol/vol) Triton X-100 and 0.3% (wt/vol) BSA followed by 10 min in
blocking buffer. Immunostaining was performed by incubating cells in primary antibody
for 1 h at room temperature followed by 3 consecutive 10 min incubations in blocking
buffer. After washing, secondary antibodies were diluted 1:200 in blocking solution and
the sample was incubated for 1 h at room temperature. After washing, the cells were
mounted in VectaShield (Vector Laboratories, #H-1000, Burlingame, USA) with 4′, 6Diamidino-2-Phenylindole, Dihydrochloride (DAPI; Life Technologies #D1306; 1:170).

Antibodies
The following primary antibodies were used for immunofluorescence (IF) and
immunoblot (IB) experiments: mouse anti a-tubulin Alexa-fluor 488 conjugated (IF:
1:100, Life Technologies #322588), rabbit anti a-tubulin Alexa-fluor 488 conjugated (IF:
1:100, Cell Signaling Technologies #2125s) AURKA (IF: 1:500, IB: 1:500; Bethyl
#A300-072A), pAURKA (IF: 1:100; Cell Signaling Technology #3079S),
phosphorylated INCENP Ser893/Ser894 (pINCENP) (IF: 1:1000; gift from M. Lampson,
University of Pennsylvania), phosphorylated HEC1 Ser55 (pHEC1) (IF: 1:100; Genetex
#GTX70017), TPX2 (IF: 1:100; gift from O. Gruss, University of Bonn), Crest/ACA (IF:
1:30 Antibodies Incorporated #15–234), Sgo2 (IF: 1:50, a gift from J.L. Barbero,
Biological Research Center, Spain), REC8 (IF: 1:1000, a gift from R. Schultz, University
of Pennsylvania)(Nguyen, Gentilello et al. 2014). The following secondary antibodies
were used at 1:200 for IF experiments: Anti human-Alexa-633 (Life Technologies
#A21091), anti human-Alexa-488 (Life Technologies #A-11013), anti-mouse-Alexa488
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(Life Technologies #A32723) anti-mouse-Alexa568 (Life Technologies #A-11004), antirabbit-Alexa568 (Life Technologies #A11011).

Microscopy
Images were captured using a Zeiss 510 Meta laser-scanning confocal microscope
with 40x objective. For each image, optical z-slices were obtained using a 1.0-1.5 µm
step with a zoom setting of 2. For comparison of pixel intensities, the laser power was
kept constant for each oocyte in an experiment. Images used for in situ chromosome
spreads were obtained using a Zeiss Axiovert 200M epifluorescence microscope with a
63x objective. Z-slices were obtained using a 0.25 µm step.

Live Cell Imaging
Oocytes expressing mEGFP-mCDK5RAP2, H2B-mCHERRY from microinjected
cRNAs and stained with SiR-tubulin were imaged by confocal microscope Leica TCS
SP5 as described previously (Balboula, Nguyen et al. 2016). Oocytes were microinjected
with 125ng/mL mEGFP-Cdk5rap2 and 50 ng/µl of H2B-mCherry cRNAs and incubated
at prophase of meiosis I for 2 hours. Oocytes were then incubated in 100 nM SiR–tubulin
in MEM medium for live imaging

Image Analysis
Image J software was used to process all images (NIH, Bethesda, USA). For
analysis, z-slices for each image were merged into a projection. Chromosome alignment
analysis was performed as previously described (Lane, Yun et al. 2012, Nguyen,
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Gentilello et al. 2014). The spindle length was first measured in a single z plane using the
image j line too. This value was next divided in half to determine the spindle midzone.
Chromatids 4 µM from the spindle midzone were considered unaligned. Spindle length
was measured by marking the x,y, and z coordinates for each of the two spindle poles per
image and using the Pythagorean theorem to determine distance between the two points.
For in situ chromosome spreads, the numbers of kinetochores were counted in Met II
eggs using Crest immunoreactivity as a marker. Eggs were considered euploid if they
contained 40 chromatids. Deviations from this number were noted as aneuploid. The
distances between sister kinetochores were measured using the line tool in Image J. Only
sister kinetochores visible in the same plane were measured. For pixel intensity analyses
the average pixel intensity was recorded using the measurement tool. To define the region
of the chromosomes for intensity measurements, the DNA channel (DAPI) was used as a
mask. MTOC markers, including AURKA and a-tubulin were used to define spindle
poles for pixel intensity measurements.

Statistical Analysis
One-way analysis of variance (Anova) and Student’s T-test were used to evaluate
the difference between and among groups using Prism software (GraphPad Software) as
indicated in the figure legends. Statistical details for each experiment can be found in
figure legends and the Results section. “Experimental n” refers to the number of animals
used while “n cells” refers to the total number of oocytes/eggs examined. Data is shown
as the mean ± the standard error of the mean (SEM). p < 0.05 was considered significant.
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V.

Results

Mice with Oocytes that Lack AURKB/C are Fertile
Because simple eukaryotes complete MI with one AURK, we hypothesized that
the need for three AURKs arose to regulate the unique properties of mammalian
oogenesis. To test this hypothesis, we created a mouse strain harboring oocytes that
contain only a single Aurora kinase, similar to simple eukaryotic cells. To this end we
generated an Aurkc knockout mouse strain (Kimmins, Crosio et al. 2007, Schindler,
Davydenko et al. 2012) that also lacked Aurkb in oocytes through conditional deletion
(Aurkbfl/fl; Gdf9-CreAurkc-/-; double knockout (KO); Aurkb cKO/Aurkc KO) (FernandezMiranda, Trakala et al. 2011). These oocytes contained only the ancestral mammalian
Aurora homolog, AURKA. The data from quantitative real-time PCR revealed that Aurkb
and Aurkc transcripts were depleted significantly in double KO oocytes (Fig. 22A-B).
Confirmation of AURKC deletion (Kimmins, Crosio et al. 2007) and excision of Aurkb
have been previously demonstrated (Fernandez-Miranda, Trakala et al. 2011).

To determine the consequence of oocytes expressing only AURKA we conducted
fertility trials. Double knockout females were mated to wild-type males of confirmed
fertility and the numbers of pups from the birth of six consecutive litters were tracked.
Based on the dogma that AURKA functions at spindle poles (Ding, Swain et al. 2011,
Solc, Baran et al. 2012) and cannot support mitosis in the absence of AURKB (Carmena,
Ruchaud et al. 2009, Fernandez-Miranda, Trakala et al. 2011), we were surprised that
double KO mice were not infertile (~7 pups/litter) (Fig. 22C). But, these mice were
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Figure 22. Double knockout females are subfertile. A-B) Expression of Aurkb and
Aurkc, respectively, in wild-type (WT) and AURKB/C double knockout (B cKO/C KO)
oocytes (***p=0.0002, ****p<0.0001); n = 3 animals/genotype, with three independent
experiments performed. C) Litter sizes from fertility studies. Age-matched WT and B
cKO/C KO females were continuously mated to WT males until 6 litters were born. The
number of viable pups/litter were recorded (****p<0.0001); n=4 mice/ genotype. D)
Prophase-I arrested oocytes were matured for 18 hours and the number of metaphase II
eggs counted. E) Prophase I-arrested oocytes from WT and B cKO/CKO animals were
matured to metaphase I, fixed, and stained to detect centromeres (ACA (Crest), red),
spindle (a-tubulin, gray) and DNA (DAPI, blue). Shown are representative z-projections
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of confocal images. Scale bar = 10 mm; n=3-4 animals/genotype, with four independent
experiments performed. F) Quantification of spindle length from E (****p <0.0001).
Data were analyzed using Student’s t-test. Error bars indicate standard error of the mean.
G) Quantification of the number of oocytes with chromosomes incorrectly positioned at
spindle poles from E. (p =0.01). h) Montage of representative WT and B cKO/CKO
oocytes matured live using high-resolution confocal microscopy. Maximum intensity zprojections for mEGFP-mCDK5RAP2 (green), H2B-mCherry (red) and SiR-tubulin
(grey) are shown. Time points are relative to the time after nuclear envelope breakdown
(hh:min). Scale bar is 10 μm.
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subfertile compared to wild-type (WT; ~9 pups/litter), suggesting a deficiency when only
expressing AURKA. To determine the source of subfertility, we examined the oocytes in
closer detail. While the majority of WT oocytes (91.9% +/- 2.81%) completed meiosis I
(MI) because they extruded a polar body, only 43.32% +/- 10.58% of double KO oocytes
did (Fig. 22D). To understand the source of this deficiency we examined metaphase I
(Met I) features. Double KO oocytes had significantly shorter spindles compared to WT
(22.50 mm +/- 0.66 vs. 28.21 mm +/- 0.71, respectively), and they frequently contained a
bivalent chromosome associated with a spindle pole (Fig. 22E-G). Using high-resolution
live-cell imaging to evaluate MI, we observed that these pole-associated bivalents failed
to disjoin in eight oocytes (n = 18) and oocytes with short spindles arrested at Met I (Fig.
22H). These data highlight that while AURKA alone can support meiotic progression in
vivo, there is a reduction in oocyte quality that reduces fertility.

AURKA Localizes to Chromosomes and Phosphorylates AURKB/C Substrates in
Double Knockout Oocytes
In WT oocytes, AURKC is the catalytic subunit of the chromosomal passenger
complex (CPC), a multi-protein complex that regulates key functions including
chromosome alignment, attachments to microtubules and cytokinesis (Lane, Chang et al.
2010, Sharif, Na et al. 2010, Yang, Li et al. 2010, Balboula and Schindler 2014). In
mitotic cells AURKB is the catalytic subunit (Kallio, McCleland et al. 2002, Murata-Hori
and Wang 2002, Ditchfield, Johnson et al. 2003, Hauf, Cole et al. 2003, Lens and
Medema 2003, Dai, Sullivan et al. 2006, Salimian, Ballister et al. 2011, Wang, Ulyanova
et al. 2012), and only AURKB is documented to compensate for loss of AURKC in
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oocytes in vivo (Fernandez-Miranda, Trakala et al. 2011, Schindler, Davydenko et al.
2012). We were therefore intrigued by the observation that double KO oocytes did not
have complete meiotic failure, and these data suggest that an AURKA compensatory
mechanism exists. To determine if AURKA can compensate for loss of AURKB/C we
investigated its localization at Met I. In WT oocytes, AURKA localized to spindle poles,
whereas in double KO oocytes, AURKA localized both to spindle poles and
chromosomes (Fig. 23A-C) (Saskova, Solc et al. 2008). Analysis of AURKA activity
using a phospho-specific antibody (pAURKA) indicated the kinase was active at both
locations (Fig. 24A-C). We also observed a significant increase in the levels of polelocalized pAURKA that was not due to a change in protein levels (Fig. 24D-E). These
data indicate that more AURKA is activated when AURKB/C are absent.

To determine if AURKA phosphorylates the AURKB/C-CPC-substrate INCENP,
or if residual AURKB is present, WT and double KO oocytes were matured to Met I in
the presence of an AURKB/C inhibitor ZM447439 (Ditchfield, Johnson et al. 2003, Lane,
Chang et al. 2010). In contrast to WT oocytes that contained AURKB/C-CPC and
therefore lost INCENP phosphorylation (pINCENP) upon ZM447439 treatment, double
KO oocytes retained pINCENP (Fig. 23D-E). As a control, oocytes were matured in the
presence of an AURKA specific inhibitor, MLN8237 (Manfredi, Ecsedy et al. 2011).
Consistent with the presence of chromosomal AURKA, double KO oocytes treated with
MLN8237 lost pINCENP. This result differs from WT oocytes where AURKA is only
detected at spindle poles, and pINCENP was preserved. These experiments were
replicated to replicated to assess phosphorylation of another AURK substrate, HEC1,
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Figure 23. AURKA acts as a CPC kinase in double knockout oocytes. Prophase Iarrested oocytes were collected and matured to metaphase of meiosis I (Met I) or of
meiosis II (Met II). A) Representative confocal z-projections of fixed Met I oocytes.
AURKA (red) and DNA (DAPI, blue). Asterisk denotes chromosome-localized
AURKAB-C) Quantification of chromosome or spindle pole AURKA pixel intensity
from A, normalized to WT. n=1 animal/experiment; three experiments performed (****p
<0.0001, *p = 0.0290, Student’s t-test). D) Representative confocal z-projections of fixed
Met I oocytes that were matured in the presence of DMSO, MLN8237 or ZM447439.
pINCENP (green), DNA (DAPI, blue), and centromeres (ACA, red). n=3
animals/genotype; three experiments performed. E) Quantification of pixel intensity
pINCENP from D, normalized to WT/DMSO (****p < 0.0001, One-way ANOVA). F)
Quantification of percent oocytes with misaligned chromosomes from D (**** p
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<0.0001, One-way ANOVA). G) Representative confocal z-projections of fixed Met II
eggs (18 h) matured in the presence of DMSO, MLN8237 or ZM447439. Spindle (green),
and DNA (DAPI, blue); dotted lines outline the egg and polar body (PB); n=3
animals/genotype; three experiments performed. H) Quantification of number of eggs
that progressed to Met II from G (p**** <0.0001, AVOVA). Red bars indicate mean;
error bars indicate standard error of the mean.
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Figure 24. Chromosome Localized AURKA is Active in Double Knockout Oocytes.
A) Prophase I-arrested oocytes from WT and B cKO/CKO animals were matured to
metaphase I, fixed, and stained to detect phosphorylated AURKA (pAURKA, green),
centromeres (ACA (Crest), red), spindle (a-tubulin, gray) and DNA (DAPI, blue). Shown
are representative z-projections of confocal images. The box indicates the region of
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experiments performed. B-C) Quantification of chromosome or spindle pole pAURKA
pixel intensity, respectively, from A. Values are set relative to WT for each experiment
(****p <0.0001, Student’s t-test). Error bars indicate standard error of the mean (red bar).
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with identical results (Fig. 25A-B).

Because of the essential functions of AURKB/C-CPC in oocyte meiosis, WT
oocytes exhibited misaligned chromosomes and meiotic defects when matured in
ZM447439 (Fig. 23D, F) (Ditchfield, Johnson et al. 2003). Strikingly, double KO oocytes
were insensitive to ZM447439 treatment, and exhibited aligned chromosomes, bipolar
spindles, and completed MI successfully (Fig. 23G-H). The insensitivity of double KO
oocytes to ZM447439 provides further evidence that AURKB/C proteins are absent in
this system. Moreover, only when double KO oocytes were treated with MLN8237 did
they fail to complete MI. These data establish for the first time, the ability for AURKA to
compensate for the loss of AURKB/C in any mammalian system in vivo.

AURKA Chromosomal Localization is INCENP-Dependent
The data suggest that AURKA functions as the CPC catalytic subunit in the
absence of AURKB/C. To demonstrate this function, we depleted INCENP in double KO
oocytes and assessed the localization of pAURKA. While pAURKA localized to both
spindle poles and chromosomes in controls, oocytes injected with INCENP morpholino
oligonucleotides retained pAURKA at spindle poles, but lost chromosomal-localized
pAURKA (Fig. 26A-C). The efficiency of INCENP depletion was previously
demonstrated (Balboula, Nguyen et al. 2016). In agreement with these data, TPX2, the
traditional AURKA binding and activation partner (Eyers, Erikson et al. 2003, Nguyen
and Schindler 2017), was not detected on chromosomes in double KO oocytes (Fig.
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26D). These data indicate that chromosomal AURKA depends on INCENP in the
absence of AURKB/C and suggest that double KO oocytes contain two active AURKA
complexes: one at spindle poles and another on chromosomes.

AURKC is Required to Restrict AURKA to Spindle Poles
The dependency of AURKA on INCENP in vivo in double KO oocytes suggests
that the kinase is restricted from binding the CPC in wild-type oocytes. One explanation
is that there is a difference in binding partner affinity amongst the Aurora kinases driving
their spatially distinct activities. In mitosis, differences in hydrophobicity in the binding
domains of AURKA and AURKB dictate their affinity to bind TPX2 and INCENP (Fu,
Bian et al. 2009, Hans, Skoufias et al. 2009). For example, a single amino acid
substitution in the binding domain of AURKA switches its affinity from binding TPX2 to
binding INCENP in vivo. Subsequently this mutant AURKA localized to centromeres and
compensated for the loss of AURKB (Fu, Bian et al. 2009, Hans, Skoufias et al. 2009).
The compensation of AURKA in the absence of AURKB/C in consistent with the model
that the affinity of AURKB/C for binding INCENP outcompetes AURKA thereby
restricting the kinase to spindle poles in WT oocytes.

To test this model, we first assessed AURKA localization in single AURKB and
AURKC KO oocytes. AURKA localization was restricted to spindle poles in oocytes
from WT and Aurkb cKO mice. Importantly, oocytes that lacked AURKC had
chromosomal and pole localized AURKA (Fig. 27A-B). But, spindles in AURKC KO
oocytes were normal in length (data not shown), suggesting AURKB can also restrict
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AURKA to some low level that does not reduce polar AURKA activity. These data
indicate that AURKC is the primary AURK preventing AURKA from binding INCENP
in vivo, and highlight a previously unknown function for the kinase.

Next, to determine if binding affinity in oocytes is regulated in the same way as in
mitotic cells, we mutated the binding domains of AURKA and AURKC and assessed
their localization when expressed in WT oocytes. AURKA-G220N-Gfp localized to both
chromosomes and spindle poles (Fig. 27C-D). This is in contrast AURKA-Gfp, which
only localized to spindle poles (Fig. 27C-D). Concomitantly, AURKC-N81G-Gfp
localization was enriched at poles and reduced at chromosomes compared to WT
AURKC-Gfp (Fig 27C-D). These data are consistent with INCENP binding affinity
differing between AURKA and AURKC.

The short spindle phenotype (Fig. 22E) in double KO oocytes is similar to RNAimediated depletion of Aurka (Saskova, Solc et al. 2008) and when AURKA-Tpx2
interaction is perturbed (Bird and Hyman 2008). We hypothesized that the restriction of
AURKA to spindle poles ensures sufficient pole-localized AURKA for meiotic spindle
building. To test this hypothesis, we performed a rescue experiment. Overexpression of
Aurka-Gfp and Aurkc-Gfp restored spindle length in double KO oocytes (Fig. 27E-F).
However, double KO oocytes expressing Aurkc-Gfp had spindles more closely
resembling WT, consistent with the need for oocytes to express both AURKA and
AURKC. Importantly, completion of MI was also rescued by overexpression of AurkaGfp or Aurkc-Gfp (55.01% +/- 4.87% and 73.63% +/- 3.63%, respectively) (Fig. 27G-H).
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Cre; Aurkc-/- (B cKO/C KO). Shown are representative z-projections. Asterisks denote
chromosome-localized AURKA. n = 5 animals/genotype; three independent experiments
performed. B) Quantification pixel intensity chromosomal AURKA from A. Values set
relative to B cKO/CKO (****p <0.0001, One-way ANOVA). Wild-type, PI-arrested
oocytes were microinjected with the indicated cRNA. After ~15h, oocytes were matured
to Met I, fixed, and stained. C) Microinjected oocytes were stained to detect centromeres
(ACA, red), spindle (a-tubulin, grey), and DNA (DAPI, blue). D) Quantification of
relative pixel intensity GFP at chromosomes and spindle poles respectively. Values were
set relative to Aurka-Gfp chromosomal GFP pixel intensity. Data analyzed using OneWay ANOVA comparing chromosome-chromosome or pole-pole localized GFP (*p <
0.05). E) Microinjected, oocytes were matured to Met I and stained for AURKA (red),
and DNA (DAPI, blue). Shown are representative z-projections of confocal images.
Asterisk indicates spindle poles. n=9 animals/genotype. F) Quantification spindle length
(mm) from E (*p <0.01, ***p <0.0001, *p <0.01, One-way ANOVA). G) PI-arrested
oocytes were microinjected with the indicated cRNA. After ~15h, oocytes were matured
to Met II (18 h) and stained for AURKA (red) and DNA (DAPI, blue). Shown are
representative z-projections of confocal images. Dotted lines outline the egg and polar
body (PB). n (WT) = 3 animals, n (B cKO/C KO) = 9 animals. H) Quantification of
percent cells that reached Met II from G. (*p <0.05, ***p <0.001). Scale bars are 10 µm.
Red bars indicate mean ± standard error of the mean.
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These data indicate that AURKC restriction of AURKA to spindle poles via affinity for
binding INCENP increases oocyte quality and fertility.

AURKB Knockout Eggs are Aneuploid with Prematurely Separated Sister
Chromatids
Here we identified a new AURKA and AURKC functions, but, until now, the
requirement for AURKB remained unknown. While conducting fertility trials with the
double KO mice, we also evaluated the fertility of Aurkb cKO and Aurkc KO mice.
Compared to WT females, Aurkb cKO mice were subfertile (~5 pups/litter) (Fig. 28A).
Interestingly, these mice were significantly more subfertile than Aurkc KO females,
indicating that AURKB and AURKC compensatory mechanism are not reciprocal.
Furthermore, three of the five Aurkb cKO females failed to produce 6 litters, suggesting a
premature age-related decline in fertility.

To understand the source of the subfertility, we analyzed the gametes in closer
detail by performing in situ chromosome counting in metaphase II-arrested eggs
(Duncan, Chiang et al. 2009, Stein and Schindler 2011). Compared to eggs from WT and
Aurkc KO females that were never or were occasionally aneuploid (7.7% +/- 2.6%),
significantly more Aurkb cKO eggs were aneuploid (58.4% +/- 3.8%) (Fig. 28B-C).
Further evaluation of these chromosomes revealed the presence of prematurely separated
sister chromatids (PSSC) in Aurkb cKO eggs (Fig. 28D).
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with prematurely separated sister chromatids (PSSC) from B. n= 3-6 animals/genotype; 3
experiments performed. E) Representative z-projections of confocal images of fixed
metaphase I oocytes. REC8 (green) and DNA (DAPI, blue). Scale bar = 10 µm. n=3
animals/genotype; three independent experiments performed. F) Quantification of
relative pixel intensity of REC8 from E. normalized to WT (not significant, p > 0.05).
Representative z-projections of confocal images from fixed metaphase I oocytes. Sgo2
(green), centromeres (ACA, red), and DNA (DAPI, blue). Scale bar = 10 µm. n=3
animals/genotype. H) Quantification of relative pixel intensity of Sgo2 from G (****p <
0.0001). Normalized to WT. I) In situ chromosome spreads from B were used to analyze
sister chromatid distances (****p < 0.0001). J) Representative z-projections of confocal
images of in vivo ovulated Met II eggs. pINCENP (red) and DNA (DAPI, blue). n = 3-5
animals/genotype. The box indicates the region of optical zoom. K) Quantification of the
relative pixel intensity of pINCENP from J. Normalized to WT (****p <0.0001, ***p <
0.001, One-way ANOVA). Scale bar indicates 10 µm. Red bar indicates mean. Error bars
indicate standard error of the mean.
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PSSC is the leading chromosomal abnormality in eggs from older women
(Vialard, Petit et al. 2006, Gabriel, Thornhill et al. 2011). Because of this clinical
significance, we sought to understand the mechanism that drove this phenotype. Studies
in oocytes from mice and humans of advance reproductive age suggest that a decline in
the meiosis-specific cohesin subunit REC8 causes PSSC (Chiang, Duncan et al. 2010,
Lister, Kouznetsova et al. 2010, Tachibana-Konwalski, Godwin et al. 2010, Duncan,
Hornick et al. 2012, Jones and Lane 2013, Tsutsumi, Fujiwara et al. 2014, Burkhardt,
Borsos et al. 2016). However, REC8 levels in Aurkb cKO oocytes were indistinguishable
from WT (Fig. 28E-F). Destruction of centromeric cohesin is protected by SGO2 during
MI so that sister chromatids co-segregate (Kitajima, Kawashima et al. 2004, Lister,
Kouznetsova et al. 2010, Tanno, Kitajima et al. 2010, Jones and Lane 2013). In meiosis,
AURK-CPC phosphorylates SGO2 aiding in its recruitment and function at centromeres
(Rattani, Wolna et al. 2013). To determine if SGO2 localization was disrupted in Aurkb
cKO oocytes we evaluated its localization at Met I via immunocytochemistry. Aurkb
cKO oocytes had reduced levels of SGO2 compared to WT (Fig. 28G-H). Consistent
with loss of SGO2, Aurkb cKO oocytes had increased sister kinetochore distances at Met
II (Fig. 28I).

Localization of active AURK-CPC to chromosomes is essential for sister
chromatid cohesion (Losada, Hirano et al. 2002, Sumara, Vorlaufer et al. 2002, Dai,
Sullivan et al. 2006, Resnick, Satinover et al. 2006, Riedel, Katis et al. 2006). To assess
whether the CPC localizes and is active in Aurkb cKO eggs, we performed
immunocytochemistry using an antibody that recognizes the CPC AURK substrate
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INCENP in Met II eggs. Aurkc KO eggs were included as a control. Compared to levels
in WT eggs, INCENP phosphorylation in Aurkc KO eggs where AURKB and AURKA is
localized to chromosomes (Balboula and Schindler 2014), is reduced by 50% (Fig. 28JK). To our surprise, INCENP phosphorylation was significantly increased, and no longer
restricted to centromeres in Aurkb cKO eggs (Fig. 28J-K). We replicated these
experiments utilizing another oocyte-specific Cre driver, ZP3-Cre, and obtained similar
results (Fig. 29A-C) (Lewandoski, Wassarman et al. 1997).

Reduction of Aurkc Rescues the Phenotypic Defects in Aurkb cKO Oocytes
Overexpression of Aurkc in mouse oocytes inhibits their ability to successfully
complete MI (Sharif, Na et al. 2010). To test if these phenotypes were a result of aberrant
AURKC expression we assessed the phenotypes of oocytes that lacked Aurkb and were
heterozygous for Aurkc (Aurkbf/f Gdf9-Cre+/- Aurkc+/-; Aurkb cKO/Aurkc Het). These
oocytes effectively had one-half of the Aurkc levels. In oocytes from these animals,
AURKA remained restricted to spindle poles so it was not compensating in this genetic
system (Fig. 30A-B).

To determine if the genetic reduction of Aurkc rescued the aberrant localization
and activity of AURKC in Aurkb cKO eggs we first assessed the localization of
pINCENP at Met II from in vivo-ovulated eggs. Importantly, pINCENP was decreased in
Aurkb cKO/Aurkc Het eggs compared to Aurkb cKO (Fig. 31A-B). To test whether the
reduction in AURKC activity rescued the fertility defect observed in Aurkb cKO animals
we conducted fertility trials. For consistency, these trials were conducted concurrently
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with the aforementioned genotypes (WT, Aurkb cKO, Aurkc KO, Aurkb cKO/ Aurkc KO,
Aurkb cKO/ Aurkc Het). While Aurkb cKO animals produced on average ~5 pups/litter,
Aurkb cKO/Aurkc Het animals were significantly more fertile, with ~8 pups/litter and
displayed no age-related decline in fertility (Fig. 31C). Consistent with a fertility rescue,
evaluation of in situ chromosome spreads from Met II eggs revealed a significant
reduction in the number of eggs that were aneuploid (Fig. 31D-E). In addition,
significantly fewer eggs contained separated sister chromatids (Fig. 31F). Importantly,
Aurkb cKO/Aurkc Het Met I oocytes had higher levels of SGO2, and decreased sister
kinetochore distances at Met II (Fig. 31G-I). These data indicate a requirement for
AURKB to restrict AURKC-localized activity in female meiosis to prevent PSSC and
aneuploidy via SGO2.

VI.

Discussion
The data presented here describe a new function for AURKC in restricting

AURKA to spindle poles in mouse oocytes (Fig. 32). For the first time, we describe that
AURKB is required for female meiosis, and we demonstrate that this requirement is a
new function for AURKB to negatively regulate AURKC activity (Fig. 32). Taken
together, although there is a benefit in reproductive fitness for oocytes to express
AURKC, the consequence is that AURKB must enforce the balance of kinase activity
because too much AURKC reduces fertility. These data demonstrate for the first time
negative genetic interactions amongst the three Aurora kinases critical to oogenesis and
demonstrate why mammalian oocytes require three Aurora kinases.

130

B

*

****

1.0
0.8
0.6
0.4
0.2
0.0

O
cK

B

B

cH

et

/C

/C

KO

W
T

Merge +
DNA/Spindle

*

B cKO/C Het

et

*

AURKA

B cHet/C KO

Relative pixel intensity
chromosomal AURKA

1.2
WT

H

A

Figure 30. A Single Copy of AURKC is sufficient to restrict AURKA to Spindle
Poles. A) Oocytes from animals of the indicated genotypes were matured to Met I and
stained to detect AURKA (red), DNA (DAPI, blue) or the spindle (a-tubulin, green).
Wild-type (WT), Aurkb+/fl; Gdf9-Cre+ Aurkc-/- (B cHet/C KO), Aurkbfl/fl; Gdf9-Cre+
Aurk+/- (B cKO/C Het). Shown are representative z-projections of confocal images.
Asterisks denote chromosome-localized AURKA. n=3 animals/genotype, with three
independent experiments performed. B) Quantification of pixel intensity chromosomal
AURKA from A. Values set relative to B cHet/C KO (****p <0.0001, One-way
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By creating oocytes that express only AURKA, we also made the unprecedented
finding that AURKA can compensate and function in the CPC in vivo. This ability is in
stark contrast to mitotic cells in which AURKA cannot compensate for loss of AURKB
(Fu, Bian et al. 2009, Hans, Skoufias et al. 2009, Fernandez-Miranda, Trakala et al.
2011). We speculate that the long meiotic cell cycle in oocytes (months-years) allows for
this compensation, compared to the shorter cell cycles in mitotically dividing cells
(hours). Spermatocytes undergo meiosis rapidly (days), which could also explain the
sexual dimorphic effects in fertility in humans that harbor loss-of-function mutations in
Aurkb and Aurkc (Ben Khelifa, Zouari et al. 2011, Ben Khelifa, Coutton et al. 2012,
Lopez-Carrasco, Oltra et al. 2013). Therefore it is possible that regulation of localized
Aurora kinase function will differ amongst cell types and these differences should be
taken into consideration in each system. For example, overexpression of all three AURKs
is associated with malignant transformation and proliferation of cancer cells (Tsou,
Chang et al. 2011, Gonzalez-Loyola, Fernandez-Miranda et al. 2015, Chou, Chou et al.
2017). Importantly, aberrant AURKC expression is especially caustic, driving
tumorigenesis and increased cellular invasiveness in many breast and prostate cancer cell
lines (Khan, Ezan et al. 2011, Tsou, Chang et al. 2011, Zekri, Lesan et al. 2012, Fujii,
Srivastava et al. 2015, Goldenson and Crispino 2015, Quartuccio and Schindler 2015).
The findings described here suggest that Aurora kinase function in the cancers that
express Aurkc should be closely evaluated to determine if they have a proliferative
advantage (Khan, Ezan et al. 2011, Tsou, Chang et al. 2011).
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Figure 31. AURKB restricts AURKC activity in female meiosis. A) In vivo-ovulated
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Shown are representative z-projections of confocal images. The box indicates the region
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standard error of the mean. C) Litter sizes from fertility studies. Note that the WT data is
from animals presented in Figures 1A and 5A because these trials were conducted
simultaneously (*p = 0.0231, Student’s t-test); n= 3-4 mice/genotype. D-E) In situ
chromosome spreads were analyzed to determine chromosome number in eggs from
animals of the indicated genotypes (**p <0.01, *p <0.05, One-way ANOVA). DNA
(DAPI, grey) and centromeres (ACA, red) were used to identify individual chromatids
(**p <0.01, p <0.05, One-way ANOVA). The box indicates the region of optical zoom.
n= 3 animals/genotype. F) Quantification of the number of eggs with prematurely
separated sister chromatids (PSSC) from D (***p < 0.001, **p <0.01, n.s= not
significant, One-way ANOVA). G) In situ chromosome spreads from B were used to
analyze sister chromatid distances (****p < 0.0001, ***P <0.001, One-way ANOVA).
H) Oocytes from the indicated genotypes were matured to Met I, fixed, and stained to
detect Sgo2 (green), centromeres (ACA, red), and DNA (DAPI, blue). Shown are
representative z-projections of confocal images. The box indicates the region of optical
zoom. n=3 animals/genotype. I) Quantification of relative pixel intensity of Sgo2 from H.
Normalized to WT (****p < 0.0001, One-way ANOVA,). Scale bar = 10 µm.
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The Aurora kinases are essential regulators of chromosome segregation
(Carmena, Wheelock et al. 2012, Nguyen and Schindler 2017). Phosphorylation of
kinetochore substrates in metaphase destabilizes erroneous kinetochore-microtubule
attachments, promoting accurate chromosome alignment and preventing aneuploidy
(Carmena, Wheelock et al. 2012, Nguyen and Schindler 2017). Historically this function
was assigned to chromosome localized AURK-CPC, however, recent evidence suggests
that pole-localized AURKA also mediates chromosome biorientation (Chmatal, Yang et
al. 2015, Ye, Deretic et al. 2015). Double KO oocytes commonly featured poleassociated bivalents, suggesting that both AURKC and AURKA may be required for
correction of aberrant kinetochore-microtubule attachments in the vicinity of spindle
poles (Chmatal, Yang et al. 2015, Ye, Deretic et al. 2015). Disturbance of the kinase
balance at spindle poles and on chromosomes could disrupt this error correction pathway,
driving chromosome misalignment and aneuploidy.

Understanding how these kinases interact, and the consequences if one is
perturbed, will have clinical impact. The findings presented here identify novel functions
of the Aurora kinases in female meiosis and highlight new, critical questions as to how
these kinases interact and promote accurate chromosome segregation. Because many
cancers express all three Aurora kinases, chromosome segregation and spindle building
may differ in these cells too. It will be important to identify the mechanism by which
AURKC and AURKA interact, and how the presence of these kinases at spindle poles
influences chromosome alignment and bipolar spindle assembly. Identification of the
mechanism by which AURKB restricts AURKC will provide invaluable insight into how
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WT
AURKC restricts AURKA
to spindle poles

AURKB restricts AURKC
localization and activity

AURKA
AURKB
AURKC

Bivalent

Kinetochore

Aurkc KO

Aurkb cKO

AURKA and AURKB binds CPC
Subfertility
Met I arrest

AURKC activity increased
Subfertility
Aneuploidy
PSSC

Aurkb cKO/Aurkc KO

AURKA binds CPC
Subfertility
Short spindle
Pole associated chromosomes
Met I arrest
Chromosome nondisjunction

Figure 32. Model of Aurora kinase localization and phenotypes in single and double
knockout oocytes at metaphase of meiosis I. In wild-type (WT) oocytes AURKA (red)
is restricted to spindle poles because of AURKC. AURKB localizes to the spindle
apparatus (blue), close to kinetochores and negatively regulates AURKC activity.
AURKC (green) localizes to both spindle poles and on the chromosomes in Met I. In
Aurkc knockout oocytes (Aurkc KO), AURKA localization is altered, localizing to both
the chromosomes and spindle poles. AURKB also localizes to chromosomes in the
absence of AURKC. Aurkc KO animals are subfertile and many oocytes arrest at Met I.
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In AURKB conditional knockout (Aurkb cKO) oocytes AURKC activity on
chromosomes is increased and AURKA remains restricted to spindle poles. Aurkb cKO
female are subfertile and many eggs are aneuploid with prematurely separated sisters as a
result of increased AURKC activity. In Aurkb cKO/Aurkc KO (double knockout) oocytes
AURKA localizes to both spindle poles and chromosomes and compensates for the
functions of AURKB/C to support meiotic progression. Double knockout mice are
subfertile. Oocytes from these animals exhibit short spindles and frequently have
chromosomes associated with spindle poles.
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AURKC activity could be inhibited in these cancers. Harnessing the information learned
in oocytes could assist in designing precision medicine approaches for patients with an
AURKC-positive expression signature.
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Chapter IV:
Identification and Characterization of Aurora Kinase B and C Variants Associated
with Maternal Aneuploidy
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I.

Preface

This chapter was published, as presented here, in Molecular Human Reproduction, April
2017. My contributions to this project and paper included experiment design and
performance, data analysis, figure preparation, manuscript writing and editing.

II.

Abstract

STUDY QUESTION
Are single nucleotide variants (SNVs) in Aurora kinases B and C (AURKB,
AURKC) associated with risk of aneuploid conception?

SUMMARY ANSWER
Two SNVs were found in patients with extreme aneuploid concepti rates with
respect to their age; one variant, AURKC p.I79V, is benign, while another, AURKB
p.L39P, is a potential gain-of-function mutant with increased efficiency in promoting
chromosome alignment.

WHAT IS KNOWN ALREADY
Maternal age does not always predict aneuploidy risk, and rare gene variants can
be drivers of disease. The AURKB and AURKC regulate chromosome segregation, and
are associated with reproductive impairments in mouse and human.

STUDY DESIGN, SIZE, DURATION
An extreme phenotype sample selection scheme was performed for variant
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discovery. Ninety-six DNA samples were from young patients with higher than average
embryonic aneuploidy rates and an additional 96 DNA samples were from older patients
with lower than average aneuploidy rates.

PARTICIPANTS/MATERIALS, SETTING, METHODS
Using the192 DNA samples, the coding regions of AURKB and AURKC were
sequenced using next generation sequencing. To assess biological significance, we
expressed complementary RNA encoding the human variants in mouse oocytes. Assays
such as determining subcellular localization and assessing catalytic activity were
performed to determine alterations in protein function during meiosis.

MAIN RESULTS AND THE ROLE OF CHANCE
Ten SNVs were identified using three independent variant-calling methods. Two
of the SNVs (AURKB p.L39P and AURKC p.I79V) were non-synonymous and
identified by at least two variant-identification methods. The variant encoding AURKC
p.I79V, identified in a young woman with a higher than average rate of aneuploid
embryos, showed wild-type localization pattern and catalytic activity. On the other hand,
the variant encoding AURKB p.L39P, identified in an older woman with lower than
average rates of aneuploid embryos, increased the protein’s ability to regulate alignment
of chromosomes at the metaphase plate. These experiments were repeated three
independent times using 2–3 mice for each trial.
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LIMITATIONS, REASONS FOR CAUTION
Biological significance of the human variants was assessed in an in vitro mouse
oocyte mod- el where the variants are over-expressed. Therefore, the human protein may
not function identically to the mouse homolog, or the same in mouse oocytes as in human
oocytes. Furthermore, supraphysiological expression levels may not accurately reflect
endogenous activity. Moreover, the evaluated variants were identified in one patient each,
and no trial linking the SNV to pregnancy outcomes was conducted.

Finally, the patient aneuploidy rates were established by performing
comprehensive chromosome screening in blastocysts, and because of the link between
female gamete aneuploidy giving rise to aneuploid embryos, we evaluate the role of the
variants in Meiosis I. However, it is possible that the chromosome segregation mistake
arose during Meiosis II or in mitosis in the pre-implantation embryo. Their implications
in human female meiosis and aneuploidy risk remain to be determined.

WIDER IMPLICATIONS OF THE FINDINGS
The data provide evidence that gene variants exist in reproductively younger or
advanced aged women that are predictive of the risk of producing aneuploid concepti in
humans. Furthermore, a single amino acid in the N- terminus of AURKB is a gain-offunction mutant that could be protective of euploidy.

STUDY FUNDING/COMPETING INTERESTS
This work was supported by a Research Grant from the American Society of
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Reproductive Medicine and support from the Charles and Johanna Busch Memorial Fund
at Rutgers, the State University of NJ to K.S. and the Foundation for Embryonic
Competence, Inc to N.T. The authors declare no conflicts of interest.

III.

Introduction
Infertility affects around 15% of humans of reproductive age (Thoma, McLain et

al. 2013). The leading genetic abnormality causing this disease is embryonic aneuploidy,
in which the developing offspring has an abnormal chromosome compliment (Hassold
and Hunt 2001). Most of these chromosomal imbalances are maternally derived and
result from mis- segregation of chromosomes in the first meiotic division (Hassold,
Jacobs et al. 1987, May, Jacobs et al. 1990, Takaesu, Jacobs et al. 1990, Hassold, Pettay
et al. 1991, Nagaoka, Hassold et al. 2012, Fragouli, Alfarawati et al. 2013). Meiosis is the
cellular process during which gametes undergo two rounds of chromosome segregation
without an intervening round of DNA replication to become haploid. While it is well
characterized that these chromosomal mis-segregations frequently occur during the first
meiotic division, the source of these errors is still largely unknown.

The chance of generating aneuploid embryos increases with maternal age
(Lejeune, Turpin et al. 1959, Hassold, Hall et al. 2007, Jones 2008, Penrose 2009). By
performing comprehensive chromosome screening (CCS) on trophectoderm biopsies of
in vitro-fertilized embryos, we observed that some women have rates of aneuploid
concepti that deviate from the average for their given age (Franasiak, Forman et al.
2014). Therefore, age alone is not always predictive of the embryonic aneuploidy risk
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and, these data suggest that other factors, such as genetic predisposition or environmental
exposures, account for the altered aneuploidy levels. Because rare genetic variants can be
drivers of disease (Pritchard 2001, Bodmer and Bonilla 2008, Stankiewicz and Lupski
2010, Quartuccio and Schindler 2015), we hypothesized that genetic variants contribute
to these altered risks in some patients. To identify these rare variants, we used an extreme
phenotyping strategy that increases the likelihood of gene variant discovery (Cohen and
Allingham 2004, Ahituv, Akiyama et al. 2007, Bruse, Moreau et al. 2016). This strategy
utilizes sequences from young patients who had higher than average levels of aneuploid
concepti to identify causative variants, and sequences from older patients who had lower
than average levels of aneuploid concepti to identify protective variants.

We focused on the Aurora kinases (AURK), a conserved family of
serine/threonine protein kinases critical for regulating chromosome segregation in both
mitosis and meiosis as a candidate approach to test this genetic variant hypothesis
(Shuda, Schindler et al. 2009, Solc, Baran et al. 2012, Nikonova, Astsaturov et al. 2013,
Balboula and Schindler 2014). In mammalian meiosis, Aurora kinase B (AURKB) and
Aurora kinase C (AURKC) have essential roles in regulating chromosome alignment,
sister chromatid cohesion, and the spindle assembly checkpoint; functions critical to the
generation of euploid gametes (Tang, Lin et al. 2006, Swain, Ding et al. 2008, Shuda,
Schindler et al. 2009, Vogt, Kipp et al. 2009, Sharif, Na et al. 2010, Schindler,
Davydenko et al. 2012, Yoshida, Kaido et al. 2015). Several AURKB and AURKC
variants in humans correlate with reduced fertility (Lopez-Carrasco, Oltra et al. 2013) or
male sterility (Dieterich, Soto Rifo et al. 2007, Ben Khelifa, Zouari et al. 2011, Ben
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Khelifa, Coutton et al. 2012, Fellmeth, Ghanaim et al. 2016). Therefore, we hypothesized
that mutations in either of these genes could affect the accuracy of chromosome
segregation during gamete development and consequently serve as predictors of
embryonic aneuploidy rates. In this study, we used next generation sequencing to identify
variants in AURKB or AURKC that could predict the meiotic-origin embryonic
aneuploidy risk for patients undergoing infertility treatment. We then used mouse oocytes
as a model to assess the biological significance of the variants during mammalian female
meiosis.

IV.

Materials and Methods

Ethical approval
Analysis of DNA samples from Reproductive Medicine Associates of New Jersey
(RMANJ) DNA Bank was approved by the Institutional Review Board #RMA1-09–165.
All animals were maintained following the Rutgers Institutional Animal Use and Care
Committee (#11–032) and the National Institutes of Health guidelines.
Sample selection

One hundred and ninety-two female patients of European descent who underwent
CCS as part of their IVF procedure at RMANJ were selected for the study. These samples
were selected under the extreme phenotype sample selection scheme. The first group
included 96 patients older than 35 years with a reported embryo aneuploidy rate lower
than 50%; the second group included 96 patients younger than 35 years with an embryo
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aneu- ploidy rate higher than 50%. Women with fewer than four blastocysts after IVF
and embryo culture were excluded from the sampling to rule out patients that were poor
hormone responders or had diminished ovarian reserve. The average anti-Müllerian
hormone level for the young cohort was 3.56 ± 3.37 and the level for the old cohort was
2.61 ± 2.95. There was no difference in BMI between cohort (young = 23.07 ± 3.96
versus old = 24.95 ± 5.59). The aneuploidy rate was transformed by a binomial
proportional method yielding adjusted Agresti–Coull aneuploidy ratios (Agresti and
Coull 1996). Thresholds were established by a joint analysis to rank the patients by age
and Agresti–Coull aneuploidy rate (ACR). The young cohort was identified from the top
96 of the youngest 30% of patients ranked by decreasing ACR (high to low). The old
cohort was identified from the top 96 of the oldest 30% of patients ranked by increasing
ACR (low to high).

Primer design and sequencing
Primers were designed using the Life Technologies Ion Torrent AmpliSeqtool on
the human reference genome version hg19 for AURKB (chr17:8103049–8114944) and
AURKC (chr19:57737377–57747916). Afterexcluding repetitive and low GC content
regions, a total of 71 ampliconswere designed to sequence the two genes (Table 2). The
primer sequences and tar-geted regions of the 71 amplicons are shown in Supplementary
data,Table SI. Libraries were prepared using the AmpliSeq protocol as recom-mended by
the supplier (Thermofisher Scientific, CA, USA). The molarconcentration of each
amplicon was obtained using a Bioanalyzer on theAgilent High Sensitivity DNA
microfluidic chip (Agilent Technologies, SantaClara, CA, USA), and the samples were
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then normalized to 20 pM. TheIon OneTouch 200 Template Kit was used for template
preparation andthe Ion Sequencing Kit v2.0 was used for the Ion 318 Chip based
sequencing as recommended (Thermofisher Scientific, USA). For barcoding purposes,
Ion Xpress Barcodes were used. Sequence data were produced bythe Ion Torrent Suite
Software version 3.6.2 and exported for in-house analysis using three methods (Fig. 33).
Variant calling and annotation

Because Ion Torrent data are particularly sensitive to insertion/deletion (INDEL)
errors (Bragg, Stone et al. 2013), we focused on single nucleotide variants (SNVs) within
the coding region.

Variant validation
Amplicons of interest were pre-amplified by PCR. Primers for sequencing were
designed using Primer Express software (Thermofisher Scientific, USA). The following
primers were used: For AURKB, forward 5′-GGAT GACCTTCTCATCCCTAAAC-3′
and reverse 5′-AATACTGCTTGCAGC ACATTC-3′; for AURKC, forward 5′CACAGTCGATGACTTTGAAA TCG-3′ and reverse 5′GGTACAAGTGCAGGGTTTACT-3′. Sanger sequencing was performed in an ABI
3730X analyzer using a BigDye Direct Sanger Sequencing Kit (Thermofisher Scientific,
USA) and following manufacturer’s instructions.
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Table 2. Primer sequences and targeted regions used for Aurora Kinase B (33 amplicons)
and Aurora Kinase C (38 amplicons) Ion Ampliseq target sequencing
Supplemental Table I. Primer sequences and targeted regions used for Aurora Kinase B (33 amplicons) and Aurora Kinase C (38 amplicons) Ion Ampliseq target sequencing
Gene
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase
Aurora Kinase

B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Chromosome
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19
chr19

Genome Version
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19
hg19

Amplicon ID
AMPL5958721318
AMPL5959047190
AMPL5959116832
AMPL5959136267
AMPL5959163465
AMPL1660876458
AMPL5959152150
AMPL5959199668
AMPL5959226087
AMPL5959249241
AMPL5959260682
AMPL5959312424
AMPL5959321664
AMPL5959343256
AMPL5959256211
AMPL5959300648
AMPL5959356123
AMPL5959399409
AMPL5959485840
AMPL5140742461
AMPL5959365075
AMPL5959469570
AMPL5959368053
AMPL5959502061
AMPL5959506522
AMPL5959520327
AMPL5959521604
AMPL5959412809
AMPL5959455230
AMPL5959465620
AMPL5959484338
AMPL5959528838
AMPL5959534855
AMPL5958714926
AMPL5958779783
AMPL5959081005
AMPL3757330450
AMPL5959173059
AMPL5959178065
AMPL5958865480
AMPL3757262368
AMPL3757271457
AMPL3757279803
AMPL5958952311
AMPL5958714669
AMPL5958785508
AMPL5958795309
AMPL3757246862
AMPL5959096932
AMPL5959146370
AMPL3757241102
AMPL5958928694
AMPL5959105021
AMPL5959176470
AMPL5959202040
AMPL5958791237
AMPL5959048314
AMPL5959119649
AMPL3757258845
AMPL5958850409
AMPL5958874918
AMPL5958941413
AMPL5959036255
AMPL5958718677
AMPL3757248452
AMPL5958865309
AMPL5958925146
AMPL3757229022
AMPL3757229064
AMPL5958873636
AMPL5958926795

Forward Primer
GCTCCCTGACAGGACTTGAG
ACAGTAGAAGTAGGAGTCAGCGT
CGTCTTTCTCTAGATGCTGGTACTC
TCAAAGACAGCTTCTAGGGTACAGA
AAAGAAGGTGGCCAGAGATGG
GGTGAGCCAGCTCTCCTTCTA
ACCCGAGTGAATGACAGGGA
GCATTAGTTTCACCCTGGCTACATC
CTTGACGATGCGGCGATAG
TCCAGGGTGCCACACATTG
GAGGTGAGCCTGCACACA
CGGCCCCTGGAGAGGTT
AGGTTTTAATGGCCCAGCCT
CCCTAAGAGCAGATTTTCTGGCTTT
GTTCGCTGCTCGTCAAATGTG
CCAAAGGCATAAAAGAGCTGGAAA
GCCATAGCTACAGAGAAAGCAATCT
CTTTTCTTCTCCCGAGCCAAGTA
CTCCTCCCGTGCTTAGGTTTTAT
GCGAACAGGGATGACCTTCTCA
GAGGGTGCCTTTGTCTGATGA
CAAAGGACTCACACCAACACCTA
GTCCTGTCCATAACAACACAGTCA
CCTGGCCTCACTTTCAACTCTC
GGTTTCTCATTCAGACTCCATTCCT
CCTTCTTCTGCAGCCAAGAGA
GCCCCTAGGCCCCAAATAGT
CCTGACAGGATGTGGCTACAA
GAAGGGCCTTACCGTCTGT
CTAGCCCGAGCTGGTAAAAGG
GGTCCAAGGCACTGCTACTC
GTTCTGACATTCCTGGGAGGAG
GATCTCTGTTAGCTGCCGTGTT
CTCCCATTACCTCTTCCTTGTGTTA
GCTACAGCACCACGCTTTTTAC
CCTGACCGGTGTTGAAATTTCT
GGTGTTGAAATTTCTAAGGCTTTGTCC
CACCTGCTTTGCCCAGTTAG
CACCTTCACAGAAGCCCACTA
CCAGGCCTTCAATTATATTTCTGCAA
TCTGCAAGATATGTTCCCTGTCTAAAAG
ACAAACTGATTACAGGGTCCAACAAA
GGCCTGAATCGGACGTGAC
TCTGTTCATTCCCACGTGCAT
TCCTTTCTATTGGGCGCACTT
GACCCTGTGAACGGGAACA
CTGCAGGCGAAGAGTGTGA
CCCTCCCTACCTTACCTTACTCT
CTCTCTTTCAGTGGCTACAGCAA
GGGTCTGTGTGAGAAGGGAAAG
TCGGCTCAAGGAAAGCCATTT
GGCTCATCTACAGTAAGGACAGTCT
CTCCCAGATAGGGCTGTTGT
GAGCTGCAGAAAAGCGAGAAATT
CATTGCCTTCTGAGAAGTTTACTTCTG
GCAATGATTTTCCCAGGAGCAAT
TGTTACCATCCATCCTATAAGACCACAT
GCAGATGCCCTGACCTACT
CTGGCCAATGCTGCCATTT
AATGCTGCCATTTTCAAACACCT
CCAAAGGAGTGCATTTTTCTGTATGAAT
CCAGTACTTTTCTGAACCTTGATCCATAT
GTACTTATTCCCTTTTCTGCCTTCCT
GGTGGATTTGTGGTGCATTGG
GGTCCAGAACAGCGCCTTAA
GGGACTTGATTTCCAGGCTTCTC
CTGGCTCTGCCACCTCATTT
AAGAAAACTCTTGTCTACTTTCTGCAGAT
GTCTACTTTCTGCAGATAAATTCCCTGA
ACATCAATATGCTGCTGTCTCAGAAATA
CTTCTGTGACAGCTTCATGTGG

Reverse Primer
TGGCTTTTCTACTCCCGAAAACA
ATCTGAAGAAAGACATGGCAATGGA
CCCGGCCTTTCAGCCTATAATT
CCATTGCTACATTGGAACACCAG
TTGCTGTGGAGGAAGCTGTT
CCCTTCAATCTGTCGCCTGATG
CCAAACAGAATGGGTAGTCAAGGAA
AGAGTGCATCACACAACGAGAC
CTTATCCCTCCCAGGAGGAAGA
AGATATATCCTTCAGTGTGGAGTTGCT
CCGGAGCAGTGGCCTTT
GCTCAAGGGAGAGCTGAAGATTG
GGAAGAAGGTGATTCACAGAGACAT
CTCTACAAGGAGCTGCAGAAGA
ACCCCAGTTTGCTCCTATCATCT
TCATTCAGCCCCACTTCATCC
CAAAGGCAAGTTTGGAAACGTG
GACAATGAACAGGCAGGAAGTC
CCGTCTGTGGGAGGGTTTAG
CTGAAATACTGCTTGCAGCACAT
CGCCCAGCCCTAGGTTG
ATTGACGCAGCTCTCTACTGTG
ATGAAGAAGTTGAAAGTGAGAAGTGGT
GTCTGTCTGTTCCCTTGTACATCA
GCTTTCTTCTCTTGGCTGCAGA
CAGGGCAAGTCTAAATTACAATTTGGAA
AGGCCCAGGGCAAGTCTA
CCCAGAAGGAGAACTCCTACCC
GGGCTAGTGTGCTGACCTG
GCGTGGCAGATTCAGTTGTTT
GGAAACTTTCCTAAACTGGAAGCC
CAGTAATGAAATCTGAGGGTTAGGAAGA
AACAGAAACTACTACAGAAACCGACT
CTGTCCATAGCCCAGAAAAGACAA
AAAAATTCAACACCAAATGGCTGGAT
GACTTGTATGAGATGAGGGTTGGG
GTGAAAGGAGAGCAGTAAGACTTGT
TGACTACAAACTATGCACATGGAACA
GGGAGAGAATGTCACATAACCTAAAAT
TGGATTTGGCCTCAGATCGTAAAAT
TCTCCTCCCACTCGCCAAATA
CCCAAAACCACCTTGCTTCAA
GCATGCGTCAACTAGGAGAGA
GAAATTCCTGACGCCATCGG
CCTTCCTGAACCCTCTGGATG
TTTCTCTGGCGCTGGCT
GGGAAGAAGAAAGAGTAAGGTAAGGT
CTGTAGCCACTGAAAGAGAGGA
CTTCCTCTTTCATTGTATCCTTCCTCT
GAACCTTCAGGGCCACAATG
CGTCAAAGATGAAAGAGGAAGCAG
GGCAAATTATGCTGGGACCAGAATA
GCTGTGCGCTGTTCATCT
CAATGAGGTTAATTAGGGTATCCAAGGAT
TCTCTTTGTACCTATCTCTAAGCCAGTT
GGGTGTGGTTTTCCTCTCCTTTTT
TCTCTGTGAATCACTTTCTTGTCATGG
GGCAGTATTCCAATAGAAACCCCAA
CTTTGGAATTGTGGAGCAATGACTTTAT
ATGGTGTATCAATGAGAGCCAAGTAAAT
CACAGGAGTTTGGAGAGACAAATTTT
TCCCACACATTGTCTTCCTCCTA
GCAGCTCATAGCAGAGCACT
CCTCCCTCTTCTTTGAGCCTTG
TCTCTCCAAGGGCTGGTATCT
AAGAGCTGGTATGAAATGATTCAGCTT
CCTGACCTGAAAGTAGGCAAGA
CCTGTTTTACAAATGGCATACTCCTGAA
GGGTTGATGACAGTCCTGTTTTACA
GTTTATAATGGGTGCAGGGAGCA
CTGGATATTTCACAATGAGGAGACTTTG

Amplicon Start
8103003
8104566
8104712
8107639
8107751
8107980
8108166
8108390
8108534
8108682
8108883
8109744
8109756
8109868
8110075
8110236
8110393
8110596
8110800
8110970
8111184
8111985
8112070
8112621
8112694
8112833
8112859
8113313
8113483
8113650
8113852
8114686
8114737
57737317
57737387
57737929
57737936
57738146
57738200
57741708
57741727
57741838
57741975
57742091
57742317
57742549
57742660
57742899
57743099
57743270
57743476
57743581
57743783
57744004
57744134
57744431
57744621
57744843
57745718
57745724
57745871
57746074
57746222
57746324
57746518
57746655
57746831
57747373
57747385
57747540
57747746

Amplicon Stop
8103183
8104761
8104930
8107794
8108023
8108208
8108439
8108574
8108722
8108931
8109089
8109868
8109917
8110121
8110282
8110438
8110640
8110850
8111014
8111237
8111371
8112138
8112342
8112777
8112860
8113106
8113111
8113538
8113692
8113906
8114078
8114840
8115004
57737481
57737635
57738083
57738101
57738379
57738458
57741838
57741884
57742015
57742138
57742357
57742590
57742696
57742932
57743118
57743322
57743516
57743629
57743827
57744044
57744238
57744400
57744672
57744889
57745101
57745876
57745959
57746130
57746271
57746364
57746559
57746698
57746922
57747086
57747502
57747516
57747794
57747976
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Figure 33. Schematic of the three variant-calling methods: (A) SAMtools pileup; (B)
GATK; (C) VarScan 2.
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Variant screening
DNA samples were collected from 2030 patients who underwent pre-implantation
genetic screening at RMANJ. DNA extraction from either blood or follicular fluid
samples was performed with QIAamp DNA Blood Maxi Kit (Qiagen, Germany)
following manufacturer’s instructions. DNA samples were stored at −80°C.
A TaqMan custom single nucleotide polymorphism (SNP) genotyping assay
(Thermofisher Scientific, USA) was used to screen for each of the variants in 2030
patient samples following manufacturer’s instructions. Primers and probes for each assay
were as follows: AURKB L39P assay, forward (5′- GGACATTGGAGCGGCTCAT-3′),
reverse (5′-CTCCGGAAAGAGCCT GTCA-3′), probe for wild-type allele (5′CATCTGCACTTGTCCTC-3′), probe for variant allele (5′-ATCTGCACCTGTCCTC3′); AURKC I79V assay, forward (5′-CATTGTGGCCCTGAAGGTTCT-3′), reverse (5′GC TGGTGCTCCAGTCCTT-3′), probe for wild-type allele (5′-CAAGTCGC
AGATAGAGAA-3′), probe for variant allele (5′-AAGTCGCAGGTAGA GAA-3′). The
PCR step was performed in 384-well reaction plates in final 5 μl reaction volume. A preand post-PCR plate read was performed in a 7900HT Real time PCR system for
generating allelic discrimination plots.

Mouse oocyte collection, microinjection and culture
Six to nine-week old CF1 mice (Harlan Laboratories, #NSA-CF1, IN, USA) and
Aurkc−/− mice with a 129/SVpas/C57Bl/6 background (Kimmins, Crosio et al. 2007,
Schindler, Davydenko et al. 2012) were stimulated 48 h before oocyte collection with
pregnant mare’s serum gonadotropin (5 IU) (Calbiochem #367 222, Darmstadt,
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Germany). Prophase I-arrested oocytes were collected as previously described (Anger,
Stein et al. 2005). In vitro culture and maturation was per- formed as described
previously (Schindler, Davydenko et al. 2012) in a humidified incubator at 37°C and 5%
CO2 in air. Bicarbonate-free minimal essential medium (with 25 mM Hepes, pH 7.3 and
3 mg/ml polyvinylpyrollidone) supplemented with 2.5 μM milrinone (Sigma–Aldrich,
#M4659, St. Louis, MO, USA) was used for collection and microinjection of oocytes so
as to prevent meiotic resumption (Tsafriri, Chun et al. 1996). Prophase I-arrested oocytes
were microinjected as previously described (Anger, Stein et al. 2005) with the
synthesized complementary RNAs (cRNAs) (500 ng/μl in .. 35; 10 ng/μl in Fig. 36, 37)
and incubated overnight to allow sufficient expression. Oocytes were matured for 7 h to
Met I in Chatot, Ziomek and Bavister (CZB) medium (Chatot, Ziomek et al. 1989)
without milrinone.

To assess ability to correct kinetochore-microtubule attachments, pro- phase Iarrested oocytes were microinjected with the synthesized cRNAs (10 ng/μl) and
incubated overnight to allow sufficient expression. Oocytes were then washed free of
milrinone and matured for 5 h in CZB medium. To generate unstable kinetochoremicrotubule (K-MT) attachments oocytes were transferred to CZB medium supplemented
with 5 μM nocodazole (Calbiochem; 487928) for 1 h. Oocytes were then washed free of
nocodazole and continued maturation in CZB medium supplemented with 5 μM MG132
(Calbiochem; 474791), to inhibit anaphase onset, to recover for 2 h prior to fixation.
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cRNA preparation
mAurkb-Gfp cDNA was generated as previously described (Shuda, Schindler et
al. 2009). hAURKB cDNA was purchased from Sino Biological Inc (#HG11415-M,
China) and hAURKC_v1 from Genecopeia (#EXQ0034-M02-B, USA). Thehuman genes
were subsequently PCR-amplified and ligated into pIVT-EGFPvectors (Igarashi, Knott et
al. 2007, Fellmeth, Gordon et al. 2015). Mutagenesis reactionswere performed with
QuikChange multi-site directed mutagenesis kit (Agilent Technologies, #210 514, USA).
Mutagenic primers for the variants were hAURKB-L39P (5′GCCTGTCACCCCATCTGCACCTGTCCTCAT GAGCCGC-3′); hAURKC-I79V (5′GGCCCTGAAGGTTCTCTTCAAG TCGCAGGTAGAGAAGGAAGGACTGG-3′).
Plasmids were isolated (Qiagen, Hilden, Germany), from which a fraction was sequenced
to con- firm the presence of desired mutation. Linearization was performed with NdeI
(New England BioLabs, Ipswich, MA, USA) and the product was purified using Qiagen
PCR purification kit. In vitro transcription was performed with the linearized product
using the mMessage mMachine kit (Thermofisher Scientific, #AM1344M, USA)
followed by cRNA purification using a RNA-Easy purification kit (Qiagen, #74 104,
Germany).

Immunocytochemistry and imaging
After meiotic maturation, oocytes were fixed in PBS with 2% w/v
paraformaldehyde for 20min for CREST (Anti-centromeric antigen)
(Antibodies Incorporated, Davis, CA, USA #15–234; 1:30), pINCENP (a gift from
Dr. Lampson at the University of Pennsylvania, 1:1000) and acetylated tubulin(Sigma–
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Aldrich, Davis, CA, USA, #T7451; 1:1000) immunostaining, or with3.7% w/v
paraformaldehyde for 1 h for γ-tubulin detection (Sigma–Aldrich,USA, #T6557; 1:100).
Oocytes were subsequently washed in blocking buffer (PBS + 0.3% (w/v) bovine serum
albumin + 0.01% (v/v) Tween-20) and permeabilized as described previously (Fellmeth,
Gordon et al. 2015). The aforementioned antibodies and dilutions were used for primary
antibody immunostaining (1 h). Next, oocytes were washed in blocking solution followed
by immunostaining for 1 h with the secondary antibodies anti-human(Thermofisher
Scientific,#A21091, USA), anti-rabbit (Thermofisher Scientific, #A10042, USA), antimouse (Thermofisher Scientific, #A10037and #A21050, USA) diluted 1:200 in blocking
solution. Following a finalwash in blocking solution, oocytes were mounted on
microscope slides inVectaShield (Vector Laboratories, #H-1000, Burlingame, CA, USA)
contain-ing DAPI (Thermofisher Scientific, #D1306; 1:170, USA). Fluorescence was
detected using Zeiss 510 Meta laser-scanning confocal microscope under a40× objective.
When comparison of intensity measurements was required,the laser power was kept
constant between groups. Images were processed and analyzed using Image J (NIH,
Besthesda, MD, USA). Expression levels were normalized by measuring the pixel
intensity of AURKB-L39B-Gfp and normalizing to the average intensity in wild-type
(WT) AURKB-Gfp-injected controls. Quantification of chromosome misalignment was
performed as described previously (Lane, Yun et al. 2012).

Statistical analysis
Statistical analysis was carried out using Prism GraphPad Software (La Jolla, CA,
USA). One-way ANOVA with Tukey post-tests or Student’s t-test, as indicated in the
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legend, was used to calculate the differences between groups. Differences with P < 0.05
were considered significant.

Variant calling and annotation
Three pipelines were used for variant identification as show in Figure 33.

The Genome Analysis Toolkit (GATK)
Sequences from amplicon sequencing were mapped to the human reference
genome (GRCh37) using BWA mem (Li and Durbin 2009) with default parameters and
Binary sequence Alignment/Map (BAM) format files were produced. The BAM files
were then sorted and indexed using SAMtools (Li, Handsaker et al. 2009). INDEL
realignment and base recalibration was done as per GATK’s (McKenna, Hanna et al.
2010) recommendation. Before variant calling, samples that had a mean depth of
coverage either larger than 2300x (4 samples) or lower than 50x (6 samples) were
excluded. Unified Genotyper within GATK (v2.8) was then used to call variants with
default settings. Resulting variants were then reviewed manually in Integrative Genomics
Viewer (IGV) (Thorvaldsdottir, Robinson et al. 2013) and variants that appeared to be a
consequence of mapping or sequencing errors were excluded. ANNOVAR (Wang, Li et
al. 2010) was used to annotate variants’ functional effect.

SAMtools
Starting from the sorted and indexed BAM files generated using the GATK
pipeline, the SAMtools pileup command was run with default parameters, and BCFtools
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variant caller was then used to call SNVs. ANNOVAR was used to annotate variants’
functional effect.

VarScan 2
SAMtools and Picard were used to filter for quality and trimming bases. Default
mapping parameters for bowtie2 (Langmead and Salzberg 2012) were employed for
alignment, with local alignment and realignment performed with srma (Homer and
Nelson 2010). Parameters for VarScan 2 (Koboldt, Larson et al. 2013) were adjusted and
re-run to detect variants at increasing stringency, with default parameters used other than
our adjusted p-value of detection, mapping quality (MQ), minimum read depth (MRD)
and a minimal minor allele frequency (MMAF) of 0.002 (0.5/192). After variant calling,
a filtering of heterozygous calls for an allele ratio of greater than 0.25 and homozygous
minimum calls as 0.75 was applied for VarScan 2 call set. Resulting variants were also
reviewed manually in IGV and consequences of mapping or sequencing errors were
excluded. Variant functional effect annotation was performed with SnpEff and SnpSift
(Cingolani, Platts et al. 2012).

V.

Results

Identification of AURKB and AURKC variants
To understand the genetic contribution to the risk of producing aneuploid
embryos, we identified 192 women who were at the extremes for producing aneuploid
concepti for their age. Because AURKB and AURKC are known regulators of
chromosome segregation and because variants have previously been shown to affect
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human fertility (Dieterich, Soto Rifo et al. 2007, Lopez-Carrasco, Oltra et al. 2013), we
sequenced the coding regions of these two genes using Ion Torrent sequencing
technology.

The three variant-identification methods, GATK, SAMtools and VarScan 2,
identified nine, four and three high-quality coding SNVs, respectively (Table 3).
Together, the three methods identified 10 unique SNVs, three of which were not
previously reported in dbSNP (Table 3).

Next, we inspected the two non-synonymous SNVs that were identified in at least
two methods (Table 3) (Fig. 33). Both of these SNVs were A-to-G mutations (Table 4).
One was in AURKB (chr17:8111091; AURKB c.116T > C; note that AURKB is encoded
on the minus strand), and the other was in AURKC (chr19:57 743 531; AURKC c.235A
> G). According to the Exome Aggregation Consortium (ExAC) database that contains
SNV information for 60,000 individuals (Lek, Rahimov et al. 2015), the AURKB
mutation is a rare variant and it is identified as heterozygous in four individuals of NonFinnish European origin with an allele frequency of 6.02 × 10−5 in that population (3.32
× 10−5 in the total study population).

This mutation causes a leucine-to-proline change at amino acid position39. The
AURKC mutation is more common than the AURKB mutation,present 60 times in the
ExAC African population (allele frequency5.81× 10−3) and it is not present in other
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Table 3. SNVs identified by the three variant-calling pipelines GATK, SAMtools
and VarScan 2.

Type of SNV
Synonymous
Non-synonymous
Synonymous
Synonymous
Synonymous
Synonymous
Synonymous
Non-synonymous

Chromosome
chr17
chr17
chr17
chr17
chr17
chr17
chr17
chr17

Position
8 108 190
8 108 331
8 108 339
8 108 552
8 108 690
8 109 901
8 110 622
8 111 091*

dbSNP138
Yes
Yes
Yes
No
No
Yes
Yes
No

Y/H

O/L

GATK

SAMtools

VarScan 2

1
165
128
77
94
0
1
0

0
149
110
87
83
1
0
1

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No
No
Yes
No
No
Yes
No
Yes

Yes
No
Yes
No
No
No
No
No

Non-synonymous chr19

57 743 531* Yes

1

0

Yes

Yes

Yes

Synonymous

57 744 009 Yes

1

0

Yes

No

No

chr19

Chromosome 17 contains AURKB and Chromosome 19 contains AURKC.
Y/H, Number of alternative alleles in the young patient; high aneuploidy rate. O/L, Number of alternative alleles in the old patient,
low aneuploidy rate; SNV, single nucleotide variant.
*Indicates the SNVs further studied in this report.
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populations (4.96 × 10−4 inthe total study population). The AURKC mutation is also
reported in theNHLBI Exome Sequencing Project (ESP), the 1000 Genomes Project and
dbSNP build 138 (rs61736320)(Sherry, Ward et al. 2001, Genomes Project, Abecasis et
al. 2010, Norton, Li et al. 2012). This mutation causes an isoleucine-to-valine change at
amino acid position 79. Functional prediction from SIFT (Ng and Henikoff 2001)
software program that predicts changes in protein function due to missense mutations,
predicts that the AURKB mutation is tolerated, and that the AURKC mutation is
damaging. Polyphen2 (Adzhubei, Schmidt et al. 2010), an alternative prediction program,
however, predicts that both of the mutations are benign (Table 4).

Confirmation of variants and determination of allele frequencies
To validate the two non-synonymous SNV candidates (Fig. 34A), we used Sanger
sequencing and a TaqMan genotyping assay. First, we confirmed the presence of the two
SNVs using Sanger sequencing (Fig. 34B). Both patients were heterozygous for the SNV.
The TaqMan allelic discrimination plot (Fig. 34C) demonstrated that the affected patients
harbor the variants (blue dots for the patient with the AURKB A-G and red dots for the
patient with AURKC A-G).

Next, we genotyped 1838 additional patient samples for these variants using the
same TaqMan assay (Fig. 34C). One additional heterozygous carrier of the AURKC
variant was found, resulting in an allele frequency of 4.93 × 10−4 for this variant in this
study. No other carriers were found for the AURKB variant (allele frequency of 2.46−4
in this study). Therefore, these variants are rare in general populations in the ExAC
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Table 4. Annotation of selected variants

Gene
AURKB
AURKC

Chromosome
chr17
chr19

Position
8 111 091 A
57 743 531 A

Ref.

Alt
G
G

CytoBand
17p13.1
19q13.43

Esp6500si
0.002153

1000G
0.0037

SNP138
rs61736320

ExAC
3.322−5
4.959−4

SIFT
T
D

ExAC, Exome Aggregation Consortium; SNP, single nucleotide polymorphism.
Ref. indicates the nucleotide in the reference genome (hg19) and Alt denotes the nucleotide identified in the sequencing. Esp6500si (Norton et al., 2012),
1000G (Abecasis et al., 2010), SNP138 (Sherry et al., 2001) and ExAC (Lek et al., 2015) are databases describing variants identified in human populations.
Known allele frequencies for variants in Esp6500si, 1000G, and ExAC and known dbSNP identifier in dbSNP138 are shown. SIFT (Ng and Henikoff, 2001)
and Polyphen2 (Adzhubei et al., 2010) predict whether the nucleotide change is tolerated and benign (T and B) or detrimental (D) to protein function.

Polyphen2
B
B
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database (Table 4) and in the IVF clinic setting used in this study.

AURKC-I79V is a benign variant
In human oocytes, AURKC localizes at centromeres and along chromo- some
arms (Avo Santos, van de Werken et al. 2011), similar to mouse AURKC (Tang, Lin et
al. 2006, Shuda, Schindler et al. 2009, Sharif, Na et al. 2010). We previously
demonstrated that exogenous expression of human AURKC localizes to the same regions
of metaphase I (Met I) chromosomes in mouse oocytes (Fellmeth, Gordon et al. 2015).
Furthermore, expression of human AURKC can complement the phenotypic defects of
oocytes from Aurkc−/− mice. This model can be used to assess the functional
consequences of variants of human AURKC variants (Fellmeth, Ghanaim et al. 2016).

To determine if the isoleucine-to-valine variant alters AURKC activity, we
expressed AURKC-I79V-GFP in Aurkc−/− oocytes and assessed phosphorylation of an
AURKB/C substrate, INCENP by immunocytochemistry. As controls, oocytes were
injected with human AURKC-Gfp or Gfp alone. In the Gfp-alone group, GFP signal was
dispersed evenly throughout the oocyte. Compared to the WT control, the AURKC- I79V
variant had an identical localization pattern at Met I: to centromeres and along the
chromosome axes (Fig. 35A). Furthermore, the immunoreactivity of the phospho-specific
INCENP antibody was not statistically different between WT and variant-injected
oocytes (P = 0.12) (Fig. 35A, B). In both of these groups phosphorylated INCENP was
significantly increased compared to the Gfp-injected controls (P < 0.0001) due to
exogenous expression of AURKC. Taken together, these data suggest that the valine
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Figure 34. Detection and confirmation of AURKB and AURKC variants. Images of
the raw data obtained from Ion Torrent sequencing (A), Sanger sequencing (B) and
TaqMan genotyping (C). Left column: AURKB A-G (chr17:8 111 091) Right column:
AURKC A-G (chr19:57 743 531). In panel A, horizontal gray bars in the IGV represent a
subset of the read depth, 9/297 for AURKB and 9/95 for AURKC. For the TaqMan assay
allelic discrimination plots in panel C, blue dots represent four replicates for the AURKB
variant carrier, red dots for the AURKC carrier and black dots negative controls with no
template. X and Y-axes are the reporter dye fluorescent intensities for each probe
targeting the wild-type allele (A) and the variant (G). IGV, Integrative Genomics viewer;
WT, wild-type. patient with AURKC A-G).
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substitution does not alter AURKC localized activity, and is likely a benign mutation.

AURKB-L39P may be a gain-of-function allele.
In human mitotic cells, AURKB localizes to centromeres where it regulates
chromosome alignment and kinetochore-microtubule attachments (Kallio, McCleland et
al. 2002, Cimini, Wan et al. 2006, Carmena, Ruchaud et al. 2009, van der Horst,
Vromans et al. 2015). In mouse oocytes at Met I, exogenous mouse AURKB-Gfp
(mAURKB-Gfp) also localizes to centromeres (Shuda, Schindler et al. 2009, Sharif, Na
et al. 2010). To determine if human AURKB (hAURKB) behaves similar to mAURKB in
mouse oocytes, we first assessed hAURKB localization. Wild-type mouse oocytes
injected with either mAurkb-Gfp or hAURKB-Gfp cRNAs were subsequently matured in
vitro to Met I prior to fixation and immunocytochemistry. As previously reported,
mAURKB-Gfp localizes to centromeres (Fig. 36A) (Shuda, Schindler et al. 2009, Vogt,
Kipp et al. 2009, Sharif, Na et al. 2010, Vogt, Sanhaji et al. 2010). Similarly, hAURKBGfp localized to centromeres, but also localized along the arms of the chromosomes,
more similar to human and mouse AURKC localization (compare Fig. 35A to 36A).

In conducting these analyses, we also observed a dose-dependent change in
human AURKB localization (Fig. 37). When expressed at a higher level (50 ng/μl),
hAURKB-Gfp localization was now observed at spindle poles in addition to the chromosome and centromere localization. At the highest expression level tested (100ng/μl), the
chromosome localization was absent, while the centromeric and spindle pole localization
was retained. Therefore, the abundance of human AURKB expressed in mouse oocytes
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Figure 35. AURKC-I79V is indistinguishable from wild-type. (A) Prophase I-arrested
oocytes from Aurkc<sup>−/−</sup> mice were microinjected with the indicated cRNAs
in each row. After expression, the oocytes were matured in vitro to Met I (7 h) prior to
fixation and immunocytochemistry to detect human AURKC (GFP; green in merge),
phosphorylated INCENP (pINCENP; red in merge) and DNA (DAPI, blue in merge). (B)
Quantification of the pixel intensity of pINCENP in (A) normalized to the Gfp-injected
control. ****P < 0.0001 by one-way ANOVA. n.s. = not significant. The error bars are
standard error. Scale bar represents = 10 μm.
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changes the subcellular localization from chromosomes to spindle poles.

We next compared the localization of hAURKB-Gfp to hAURKB-L39P-Gfp in
wild-type mouse oocytes using a low concentration ofcRNA (10ng/μl) that would be as
comparable to endogenous levels as possible. Localization of the human AURKB variant
was identical to that of wild-type AURKB because both localized to MI bivalent
chromosomes. Therefore, mutation of leucine 39 to proline does not alter subcellular
localization of AURKB at this low concentration.

In mitotic cells, AURKB promotes proper chromosome segregationin part by
regulating chromosome alignment at the metaphase plate (Ditchfield, Johnson et al.
2003). The human AURKB-L39P variant was identified in an older woman with lower
than average rate of aneuploid concepti, so we hypothesized that it is a gain-of-function
allele. To test thishypothesis, we first needed to develop a functional assay for
humanAURKB activity in mouse oocytes. To evaluate the catalytic activity of human
AURKB, we designed an assay to assess the ability of the kinaseto support chromosome
alignment at the Met I plate. To this end,oocytes expressing WT or mutant human
AURKB were matured to pro-Met I followed by treatment with nocodazole to
depolymerize themeiotic spindle to induce chromosome misalignment. Next, we assessed
the ability to recover by fixing oocytes 2 h after washing out the drug and performed
confocal microscopy to analyze chromosome alignment. At this time point, ~80% of
oocytes expressing WT hAURKB still had at least one chromosome not yet aligned in the
Met I plate (Fig. 38A, B). The kinetics in the ability to correct misaligned chromosomes
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Figure 36. AURKB-L39P localization is normal. (A and B) Prophase I-arrested
oocytes from CF1 mice were microinjected with the indicated cRNAs. After expression,
the oocytes were matured in vitro to Met I (7 h) prior to fixation and
immunocytochemistry to detect AURKB (GFP; green in merge) and kinetochores
(CREST antiserum, red in merge). DNA detected by DAPI staining (blue in merge).
Scale bars represent = 10 μm.

165
within 2 h significantly improved when oocytes expressed hAURKB-L39P (only ~60%
still misaligned). This improvement was independent on kinase expression level (Fig.
38C). These data support the hypothesis that AURKB p.L39P has enhanced ability to
promote chromosome alignment.

VI.

Discussion
Because maternal age does not always predict the likelihood of generating

aneuploid embryos (Franasiak, Forman et al. 2014), we sought to identify and
characterize genetic variants associate with a patient’s embryonic aneuploidy rate. To test
the hypothesis that there is a genetic link to altered aneuploidy levels, here, we describe
results form a pilot study focused on Aurora kinase B and C gene variants, which encode
tow proteins known to regulate chromosome segregation.

Mutations in AURKC cause detrimental consequences in male meiosis, and they
were the first known genetic cause of macrozoospermia and tetraploidy in sperm
(Dieterich, Soto Rifo et al. 2007, Dieterich, Zouari et al. 2009, Ben Khelifa, Zouari et al.
2011, Ben Khelifa, Coutton et al. 2012). Furthermore, these mutations were characterized
in a mammalian meiosis model where their expression caused a failure to complete
Meiosis I, thus producing tetraploid gametes (Fellmeth, Ghanaim et al. 2016).
Nonetheless, two women who were homozygous carriers for the variant AURKC
c.144delC were fertile (having two and six children) (Harbuz, Zouari et al. 2009),
suggesting a sexually dimorphic requirement for AURKC in meiosis. Similarly, our
findings indicate that the variant that encodes AURKC p.I79V (AURKC c.235A > G)
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Figure 37. The expression level of human AURKB alters its subcellular localization
in mouse oocytes. Prophase I-arrested oocytes from CF1 mice were microinjected with
the indicated concentration of human AURKB-Gfp cRNA. After expression, the oocytes
were matured in vitro to Met I (7h) prior to fixation and immunocytochemistry to detect
AURKB (GFP; green in merge), centromeres (ACA antiserum, pink in merge), spindle
poles (γ-Tubulin, red in merge). DNA detected by DAPI staining 784 (blue in merge).
Scale bars represent 10 μm.
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does not have a deleterious impact on oocyte meiosis (Fig. 35). We note that the
aneuploidy was detected in blastocyst embryos, and, therefore, there is the formal
possibility that the chromosome segregation mistake occurred during embryonic mitosis,
which was not evaluated here. The patient identified harboring this variant was 32 years
old, but had higher than average embryonic aneuploidy rates. On the other hand, a
subsequent patient identified in the larger, population-based analysis was a 35 year-old
patient with two aneuploid embryos out of 8 (25%). This patient is at the other extreme of
the aneuploidy phenotype: reproductively advanced age but with low rates of embryonic
aneuploidy. Taken together, the data suggest that AURKC c.235A > G is unlikely to be
predictive of embryonic aneuploidy risk in women or in pre-implantation embryogenesis.

Five exonic variants of AURKB were previously detected in individuals with
reproductive impairments, two of which were considered common polymorphisms given
their reported high frequencies (Lopez-Carrasco, Oltra et al. 2013). In addition, variants
in this gene have been detected in patients with breast cancer, although they did not
consistently correlate with the disease (Tchatchou, Wirtenberger et al. 2007, Kabisch,
Lorenzo Bermejo et al. 2015). The AURKB variant reported here was previously found
in four individuals out of ~60 000 (Lek, Rahimov et al. 2015). The single amino acid
change of leucine 39 to a proline resulted in a gain in an increased ability for AURKB to
promote chromosome alignment when oocytes were challenged with conditions that
promote gross chromo- some misalignment (Fig. 38).

The variant encoding AURKB-L39P was identified in a 39-year- old patient with
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Figure 38. AURKB-L39P corrects misaligned chromosomes more efficiently that
WT AURKB. (A–C) Prophase I-arrested oocytes from CF1 mice were microinjected
with the indicated cRNAs. After maturation and recovery from nocodazole as described
in Materials and Methods section, oocytes were fixed and processed for
immunocytochemistry to detect AURKB (GFP; green in merge) and kinetochores
(CREST antiserum, red in merge). DNA detected by DAPI staining (blue in merge). (B)
Chromosome misalignment was determined by confocal microscopy as described in
Materials and Methods section. (C) Gfp expression levels of each oocyte examined. Red
color indicates oocytes scored with misaligned chromosomes. Scale bar represents = 10
μm. *P < 0.05 by Student's t-test. The error bars are standard error.
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a lower than average embryonic aneuploidy rate of 33%. Consequently, our interpretation
is that this variant may be protective of embryonic euploidy. One function of AURKB is
to promote chromosome alignment by sensing improper K-MT attachments, and cause
their destabilization (Lampson, Renduchitala et al. 2004). Expression of AURKB-L39P
allowed for faster chromosome alignment when mouse oocytes were challenged with
nocodazole. Therefore, it is possible that this variant has a higher affinity for the
substrates that trigger microtubule de-polymerization or that it is more responsive to
fixing unattached kinetochores than is WT AURKB. Future studies examining the
molecular mechanisms governing this increase in kinetics for the AURKB-L39P variant,
will help further establish the extent to which this specific variant is protective of meiotic
euploidy, and if it has any impact on mitotic chromosome segregation.

Because maternal age does not always account for the risk of producing aneuploid
embryos (Franasiak, Forman et al. 2014), an important task is to investigate the genetic
contribution to this phenomenon. To date, only variants of polo-like kinase 4 (PLK4)
(McCoy, Demko et al. 2015) and tubulin (TUBB8) (Feng, Sang et al. 2016)have been
correlated with increased embryonic aneuploidy rates. Here, we identified two variants
within genes required for cell cycle regulation and evaluated their biological significance
during mouse oocyte meiosis. While our results indicate that the AURKC variant does
not seem to alter this protein’s function, we identified a single amino acid in the Nterminus of AURKB that increases activities that may protect euploidy in mammalian
female meiosis. Further studies characterizing the biological significance of mutations
possibly responsible for reproductive impairments will help us understand why some
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individuals are prone to generate genetically imbalanced embryos. Likewise, whole
genome sequencing approaches should facilitate the discovery and characterization of
genetic variants that could become biomarkers for a patients’ embryonic aneuploidy risk,
which will be invaluable in personalized infertility treatments.
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Chapter V:
Discussion and Concluding Remarks
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Infertility in humans is common and frequently is caused by chromosomal
aneuploidies that arise in female gamete formation (Hassold and Matsuyama 1979,
Hassold, Chiu et al. 1984, Hassold and Jacobs 1984, Jacobs 1992, Hassold, Sherman et
al. 1995, Hassold, Abruzzo et al. 1996, Hassold 1998, Hassold and Hunt 2001). The
majority of these aneuploidies can be traced back to the first meiotic division, with
meiosis I errors in females accounting for greater than 56% of all gamete aneuploidies,
and one third of miscarriages (Hassold, Arnovitz et al. 1990, Hassold, Abruzzo et al.
1996, Hassold and Hunt 2001, Hall, Compton et al. 2007, Hassold, Hall et al. 2007, Jones
2008, Nagaoka, Hassold et al. 2012, Fragouli, Alfarawati et al. 2013, Ottolini, Newnham
et al. 2015, Webster and Schuh 2017). The Aurora kinases (AURKs) are key players in
chromosome segregation, with regulatory functions in both mitosis and meiosis
(Carmena and Earnshaw 2003). The importance of these kinases is clear through their
evolutionary conservation, found expressed in all cell types from yeast to man (Brown,
Koretke et al. 2004). Correspondingly, failure of these kinases to perform correctly can
lead to chromosome mis-segregation and ultimately aneuploidy. Therefore, it is not
surprising that these kinases are commonly implicated in infertility and cancers (Brown,
Koretke et al. 2004, Giet, Petretti et al. 2005, Tchatchou, Wirtenberger et al. 2007, Zekri,
Lesan et al. 2012, Nikonova, Astsaturov et al. 2013, Fujii, Srivastava et al. 2015,
Gonzalez-Loyola, Fernandez-Miranda et al. 2015, Quartuccio and Schindler 2015, Chou,
Chou et al. 2017).

While critical to cellular division, the specific functions of the AURKs in female
meiosis have been difficult to investigate. High sequence homology among the three
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kinases has made the development of Aurora specific inhibitors challenging, and as a
result, many studies utilize drugs that target the kinases universally (Shuda, Schindler et
al. 2009, Lane, Chang et al. 2010, Sharif, Na et al. 2010). Similarly, dominant negative
constructs against Aurora kinase C (AURKC) have been shown to non-selectively target
Aurora kinase B (AURKB) (Balboula and Schindler 2014). Depletion via siRNA is also
not effective in producing efficient protein turnover and can inadvertently target other
AURKs (Sharif, Na et al. 2010). The role for AURKB is especially mysterious in female
meiosis as antibodies against the kinase are not consistent and knockout of the kinase
using standard techniques is embryonic lethal (Fernandez-Miranda, Trakala et al. 2011,
Balboula and Schindler 2014). As a result, many details concerning the localization and
function of the three AURKs, particularly AURKB, remain unknown.

Here, using approaches including the Cre-lox removal of various copy numbers of
AURKB and AURKC as well as combined inhibitor and knockout strategies I sought to
understand what drives the localization of the AURKs in female meiosis as well as
identify potential kinase specific functions particularly between AURKB and AURKC,
the two most sequentially similar AURKs. Furthermore, using the mouse oocyte as a
model for human eggs, I sought to characterize human variants for AURKB and AURKC
that may be protective of gamete euploidy.

Conclusions
In Chapter II, my colleagues and I identified that the histone H3 phosphomark at
threonine 3 (H3T3p) is responsible for the localization of AURKC-CPC to the
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interchromatid axis (ICA) in metaphase of meiosis I (MI). Surprisingly, we found that
this population of the CPC is regulated independently from the centromeric population,
indicating distinctly different mechanisms for CPC localization in mitotic and meiotic
cells (Dai, Sultan et al. 2005, Dai, Sullivan et al. 2006). Importantly we showed that ICA
localized AURKC-CPC is required for the proper completion of MI through regulation of
the meiotic condensation proteins SMC2. Interestingly, chromatid cohesin was not
affected in these cells as when H3T3p is perturbed in mitotic cells. This difference
suggests different molecular pathway regulates cohesion in meiosis compared to mitosis.
Finally, we showed that ICA localized AURKC-CPC regulates improper kinetochore–
microtubule attachments. Overall, these data indicated that mouse oocytes require haspin
to phosphorylate H3T3 and this phosphomark regulates the ICA localization of AURKCCPC. Importantly these results show that haspin activity regulates meiotic AURKC-CPC
localization differently than it does AURKB-CPC in mitosis.

The above data signified differences in the regulation of AURKB and AURKC in
female meiosis. To further investigate this difference, and how a kinase family highly
conserved in sequence can be differentially regulated we generated a genetic allelic series
thereby reducing the copy numbers of AURKB and AURKC (See Chapter III). These
mouse lines paired with inhibitor and knockdown approaches allowed for kinase-specific
functions to be distinguished. Most surprisingly, we found that female mice that lacked
Aurkb and Aurkc in their oocytes were not infertile. This is in stark contrast to mitotic
cells and early eukaryotes in which the loss of AURKB results in abnormal cellular
phenotypes including cell cycle arrest, aneuploidy, and apoptosis (Chan and Botstein
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1993, Gopalan, Chan et al. 1997, Kimura, Kotani et al. 1997, Bischoff, Anderson et al.
1998, Murata-Hori and Wang 2002, Ditchfield, Johnson et al. 2003, Hauf, Cole et al.
2003, Lens and Medema 2003, Sampath, Ohi et al. 2004, Lipp, Hirota et al. 2007,
Emanuele, Lan et al. 2008, Tanaka, Arii et al. 2008, Steigemann, Wurzenberger et al.
2009, Yasen, Mizushima et al. 2009, Aihara, Tanaka et al. 2010, Tomita, Tanaka et al.
2010, Fernandez-Miranda, Trakala et al. 2011, Hengeveld, Hertz et al. 2012). We
demonstrated that AURKA binds to chromosomes in a manner dependent upon the
chromosomal passenger complex (CPC) and phosphorylates known AURKB/C substrates
in their absence. Further characterization of Aurkc-/- oocytes and rescue experiments
indicated a new function for AURKC to restrict AURKA to spindle poles. These data
also revealed, for the first time, a requirement for AURKB in female meiosis in
restricting AURKC activity. Together, these data highlight that the addition of a third
Aurora kinase has forced meiosis-specific compensatory mechanisms and negative
interactions to generate healthy female gametes. Furthermore these data shed light on
distinct differences in the functions and compensatory abilities of these kinases in female
meiosis, divergent from those in mitosis.

Finally, in Chapter IV, we utilized an extreme phenotype approach to variant
discovery to identify single nucleotide variants (SNVs) that may be causative of gamete
aneuploidy or protective of gamete euploidy in women. Two non-synonymous protein
variants were discovered; AURKC p.179V and AURKB p.L39P respectively. While the
AURKC variant was determined to be a benign allele, AURKB p.L39P was shown to
increase the protein’s ability to promote alignment of chromosomes at the metaphase
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plate suggesting it may be a gain-of-function allele that is protective of gamete euploidy.
These data provide evidence that gene variants exist in reproductively younger or
advanced aged women that are predictive of the risk of producing aneuploid concepti in
humans. This study provides medically relevant information for the diagnostic
identification, study, and treatment of infertile woman who many carry phenotypically
altering gene variants.
Limitations to Interpretations
The data presented in this thesis highlight the importance for three distinct Aurora
kinases in mammalian female meiosis to ensure gamete euploidy. Importantly, my
colleagues and I identified a mechanism for the differential localization of AURKC-CPC
from AURKB (Chapter II) as well as the existence of negative regulatory interactions
among the kinases to police their localization and activity (Chapter III). Finally, we used
the mouse oocyte as a model to analyze human variants in the Aurora kinases to identify
potentially deleterious or protective alleles of gamete euploidy (Chapter IV). However,
certain caveats must be addressed when interpreting this data, particularly regarding the
model system employed, techniques utilized, and an absence of biochemical and
immunocytological methods for the detection of AURKB.

Mouse oocytes as a model for human aneuploidy
Most of our knowledge about meiosis and aneuploidy in mammalian oocytes
stems from studies using mouse oocytes. However, while the mouse oocyte has provided
an obtainable and relatively cost efficient model, its relevance to human oocyte meiosis
still remains unclear. Whether the processes investigated in mouse oocytes are conserved
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in humans or if alternative causes of aneuploidy exist has yet to be determined. However,
limitations to the use of human oocytes have made deciphering these potential differences
difficult.

The use of human oocytes for research is prohibited in many countries, unless
donated. As a result, the majority of samples obtained for research are oocytes that have
been discarded from IVF use, and are therefore of lower quality and may not reflect the
properties of a normal oocyte. As a result, while the study of human oocytes in recent
years has greatly improved our understanding of human meiosis and the causes of
aneuploidy, the results from these studies must be interpreted with caution.

A major definable difference in human female meiosis compared to mouse is the
rate in which aneuploidy occurs. While human oocytes can have meiotic error rates of
20-60% (Hassold and Hunt 2001), the rate of aneuploid eggs in mouse oocytes is much
lower at ~2% (Zuccotti, Boiani et al. 1998, Chiang, Duncan et al. 2010, Jones and Lane
2013). Additionally, work from the Schuh lab using human oocytes has suggested that
the mechanisms by which the meiotic spindle is built may differ between humans and
mouse (Holubcova, Blayney et al. 2015). While our lab and others have shown that
mouse oocytes rely on multiple microtubule organizing centers (MTOCs) to build a
bipolar spindle (Albertini 1992, Combelles and Albertini 2001, Schuh and Ellenberg
2007, Clift and Schuh 2015, Balboula, Nguyen et al. 2016), this mechanism does not
seem to be conserved in human oocytes. Instead these human oocytes may rely on a
gradient of RanGTPase initiated around chromatin to build a spindle structure
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(Holubcova, Blayney et al. 2015). Therefore, because differential mechanisms are
utilized in mouse versus human oocytes, the causes of aneuploidy in the resultant eggs
may not be completely conserved.

Technical Caveats
Many of the studies presented in this thesis have utilized pharmacological
inhibition or overexpression approaches to investigate gene function. While these
practices are routinely used in biomedical research, certain caveats must be considered.
When using biological inhibitors the selectivity, effectiveness, and potential toxicity of
the drug must be evaluated. In Chapter II, I utilized an inhibitor specific for blocking the
phosphorylation of Histone 3 at Threonine 3 (H3T3p) by Haspin kinase, 5iodotubercidin. The selectivity of this inhibitor for Haspin kinase is 26 nM respectively
and due to the atypical nature of the catalytic domain of Haspin this inhibitor has not
been documented as affecting the AURKs directly (De Antoni, Maffini et al. 2012,
Wang, Ulyanova et al. 2012, Nguyen, Gentilello et al. 2014, Balboula, Nguyen et al.
2016). Additionally, in chapter III I utilized inhibitors specific for the Aurora kinases,
ZM447439 and MLN8237. The Ki ofZM447439 for AURKA and AURKB is 55.5 nM
and 1.83 nM respectively, signifying the potency of this inhibitor against AURKB and
not AURKA. While the value for AURKC has not been reported, the high sequence
similarity between AURKB and AURKC suggests similar Ki values for these kinases.
Conversely, the inhibitor MLN8237 has a greater affinity for AURKA then AURKB with
Ki values of 0.23nM and 1.04nM respectively. To circumvent any off-target effects I
utilized concentrations of these inhibitors previously documented as being specific for
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only AURKA (MLN8237) for AURKB/C (ZM447439) in mouse oocytes (Cimini, Wan
et al. 2006, Swain, Ding et al. 2008, Shuda, Schindler et al. 2009, Lane, Chang et al.
2010, Carol, Boehm et al. 2011, Manfredi, Ecsedy et al. 2011, Komrskova, Susor et al.
2014, Li, Yang et al. 2015). In addition to non-selectivity, drugs can become toxic in
increased doses when dissolved in compounds such as DMSO or ethanol. To safeguard
against toxicity-derived phenotypes, control groups were included in each experiment in
which oocytes were matured in the presence of the solvent. Additionally, the lowest
possible effective concentrations were used for all inhibitors to avoid non-selectivity
phenotypes.

Overexpression or mis-expression of a wild-type gene product can also cause
superfluous phenotypes. In this thesis, overexpression of fluorescently tagged RNA
constructs were microinjected into oocytes to assess localization, function, and for rescue
experiments (Chapters II-IV). All constructs were tested at multiple concentrations prior
to experimental use to determine the lowest possible amount capable of obtaining visible
localization. Additionally, control constructs, including Gfp, mCherry, (Chapters II-IV)
or the wild-type copy of the gene variant (Chapter IV) were also expressed as controls.
An example of how different expression amounts can affect protein localization and
presumably function can be found in chapter IV. In this chapter we overexpressed human
AURKB (hAURKB) at into mouse oocytes. At 10 nM hAURKB localized to the
centromeres of the DNA, similar to mouse AURKB when overexpressed at 500 nM
(Shuda, Schindler et al. 2009). However, at higher concentrations (500 nM) hAURKB
was found localized to the spindle poles with a significant reduction in the centromeric
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localization (Chapter IV). Therefore, it can be hypothesized that these localizations
would greatly influence the ability for the kinase to phosphorylate substrates at the
chromosomes, potentially limiting its ability to function normally.

Finally, knockdown and knockout techniques were used in Chapters II and III for
removal of INCENP and AURKB/C respectively. For knockdown of INCENP an antisense morpholino oligonucleotide was microinjected into oocytes and allowed to block
translation for four hours prior to oocyte maturation. The efficiency of this depletion
method has previously been published (Fellmeth, Gordon et al. 2015, Balboula, Nguyen
et al. 2016), with ~50% depletion of INCENP protein. While this provides a useful tool
for studying which AURK is interacting with INCENP, some endogenous INCENP
protein remains. As a result, some AURK will undoubtedly still be bound to the
remaining INCENP thereby limiting the phenotypic evaluation for when INCNEP is fully
depleted. Additionally, this does not directly show the binding of INCENP to an AURK,
however, in our hands immunoprecipitation assays are not successful in mouse oocytes.

For removing AURKB in mouse oocytes we utilized a Cre-lox system to excise
AURKB specifically in the oocyte. The GDF9 promoter is expressed at day 3 in
embryonic development. While qRT-PCR and western blot analysis show no RNA or
protein products remain, it is possible that some gene product exists that is below the
level of detection. Furthermore, leakiness in expression or inefficiency of excision could
also impact the resulting phenotypes upon AURKB excision. Finally, the sequence
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similarity between the AURKs can allow for compensation when one kinase is removed,
potentially concealing resultant phenotypes.

Where in the World is AURKB?
The studies presented in this thesis focus on deciphering the functions of the
AURKs in female meiosis, particularly AURKB. However, the lack of reliable antibodies
or biochemical assays to detect the endogenous gene copy has made this task difficult. As
a result, in each of the presented chapters we must infer what the localization and activity
of the kinase is using alternative strategies. To increase our confidence in the knockout of
the kinase in chapter III we utilized multiple techniques simultaneously to show adequate
excision of AURKB including qRT-PCR and Western blotting. Additionally, evaluation
of oocytes from two Cre lines, ZP3-Cre and GDF9-Cre, shows similar phenotypes,
thereby increasing our confidence in the specificity of the results. Finally, the use of
AURK-specific inhibitors in double knockout oocytes provides further confirmation no
residual AURKB or AURKC remain. Finally, while AURKC is the predominate CPC
kinase in mouse oocytes (Balboula and Schindler 2014), AURKB has been documented
to localize to the chromosomes in the absence of AURKC (Schindler, Davydenko et al.
2012). Therefore, Aurkc-/- mice are used strategically to study AURKB function on
chromosomes in the absence of AURKC (Chapter III)(Quartuccio, Dipali et al. 2017).

Future Directions
The data presented in this thesis have uncovered specific functions of the AURKs
previously unknown including: the requirement for AURKB in female meiosis, non-
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overlapping AURKB and AURKC functions, the ability for AURKA to compensate for
the loss of AURKB/C, and gene variants that may be protective of gamete euploidy.
While these assays have driven the field forward in our understanding of the mechanisms
of female meiosis and how signal transduction integrates with the cellular machinery to
drive MI, additional questions have arisen as a result. It will be essential to determine the
endogenous localization of AURKB. One way this can be achieved is generation of a
tagged endogenous version of AURKB using Crispr-Cas9 genome editing in mice.
Additionally, the mechanisms in which AURKC restricts AURKA and how AURKB
restricts AURKC will need to be addressed biochemically and through the generation of
other double knockout strains.

A major question that arose through the work in chapter III is whether AURKA
can compensate for the removal of AURKB in mitotic cells. Traditionally the function of
AURKB in mitotic cells has been determined through the use of inhibitors that only block
kinase activity or through RNAi depletion. However, I show in chapter III that in order
for AURKA to compensate for AURKB and AURKC, the kinases need to be completely
absent. To test this idea AURKB could be excised using CRISPR-Cas9 in mitotic cell
lines (McKinley and Cheeseman 2017)and the localization of AURKA evaluated. If
AURKA is not able to localize in mitotic cells this could suggest G2 cell cycle length is
important for its compensation or that a meiosis specific factor exists in the oocyte to
allow AURKA to bind to INCENP in the absence of AURKB/C. Finally, the mechanisms
by which two sequentially similar kinases, AURKB and AURKC, can have differential
localizations and substrates in close proximity will need to be addressed. One possibility
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is differences in abundance of the kinases (Fig. 7) or timing of expression. Finally, the
restriction of and interactions with AURKA by AURKC will be important to evaluate in
many mitotic cell lines that aberrantly express AURKC.

Discussion
The data presented here provides invaluable insight into the roles of the AURKs
in female meiosis. Importantly, some differences exist to previous reports in the
literature. Most prominent is the expression of AURKB in mouse oocytes. A previous
report suggested AURKB was not translated in mouse oocytes due to an inability to
detect this kinase via immunofluorescence and by western blotting (Yang, Li et al. 2010).
In Chapters II and III I show that not only is AURKB protein present in mouse oocytes
but also contains functions independent from AURKC in mouse oocyte meiosis to
prevent aneuploidy and PSSC.

The knockout of AURKB described in chapter III resulted in aneuploid eggs with
prematurely separated sister chromatids. Additionally, the activity of AURKC was
increased in these oocytes and it was no longer restricted to centromeres in metaphase of
meiosis II. These results differ significantly from those published using inhibitors to
interrupt kinase function in mouse oocytes (Sharif, Na et al. 2010). Inhibition of
AURKB/C with the inhibitor AZD1152 resulted in misaligned chromosomes, an increase
in the rate of meiotic progression and ultimately cytokinesis failure (Sharif, Na et al.
2010). Additionally, overexpression of AURKB and AURKC resulted in metaphase I
arrest or cytokinesis failure respectively (Sharif, Na et al. 2010). These results differ
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significantly from those observed when AURKB was knocked out (Chapter III), in which
oocytes completed the first division. Additionally, loss of AURKB resulted in a
significant increase in AURKC activity, however no cytokinesis failure was observed
(Chapter III).

Differences in these results could be attributed to loss of the kinase compared to
inactivity. The inhibitor AZD1152 is an ATP binding pocket competitor, binding to the
catalytic domain of AURKB and AURKC and hindering their activity. This type of
inhibitor does not however perturb the binding domain of the kinases or their presence in
the cell. Therefore AURKB and AURKC will still be capable of binding INCENP.
Additionally, this will not inhibit functions of the kinases that are not activity dependent.
Conversely, knockout of the kinase(s) removes them from the oocyte. Therefore INCENP
will be available to bind to the remaining AURKs. Additionally this will perturb both
activity dependent and independent functions of the depleted kinase. Additionally,
overexpression of AURKC will far surpass endogenous levels, even when AURKB is
excised. Therefore this introduced kinase will flood the cell, presumably outcompeting
the endogenous kinases for binding partner interactions and influencing substrate
phosphorylation.
Concluding Remarks
Taken together, the three manuscripts presented here have identified that mouse
oocytes uniquely require three distinct aurora kinases to regulate meiosis I. Importantly, I
have shown for the first time that AURKB is required for female meiosis and maintains
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functions distinct from AURKC. In agreement with a separation of function, I show that
AURKC-CPC localization is regulated independently of AURKB via phosphorylation of
H3T3 by Haspin kinase. These findings suggest that all three kinases are uniquely
required for female meiosis and provide insight into the mechanisms of their separate
localization and function.

Furthermore the data presented here identified a negative regulatory network
among the three AURKS in which AURKC restricts AURKA to spindle poles and
conversely AURKB restricts AURKC activity. Understanding this network will be
critical when evaluating phenotypes in meiotic germ cells in which one of the AURKS
have been perturbed. Furthermore, the AURKC restriction of AURKA will be important
to investigate in mitotic cell lines that apparently express AURKC. Interestingly we show
that AURKA can compensate for the loss of both AURKB and AURKC. This
compensation has not been shown in mitotic cells suggesting this may be a meiosis
specific compensatory network to protect gamete euploidy. Finally, I developed a unique
method for the discovery and analysis of human variants that can provide medically
relevant tools for the discovery, diagnosis, and treatment of woman suffering from
infertility. Together, these findings further our understanding of the regulation and
requirements of the three aurora kinases in mammalian female meiosis. Importantly, all
three kinases are uniquely required as removal or mis-regulation of one can lead to a
cascade effect, altering the localization and activity of the remaining AURKs.
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