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Abstract

The aurora kinases (AURK) comprise an evolutionarily conserved family of serine/threonine 

kinases involved in mitosis and meiosis. While most mitotic cells express two AURK isoforms 

(AURKA and AURKB), mammalian germ cells also express a third, AURKC. Although much is 

known about the functions of the kinases in mitosis, less is known about how the three isoforms 

function to coordinate meiosis. This review is aimed at describing what is known about the three 

isoforms in female meiosis, the similarities and differences between kinase functions, and 

speculates as to why mammalian germ cells require expression of three AURKs instead of two.
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Meiosis, a specialized cellular division

Meiosis differs fundamentally from mitosis because through two subsequent divisions, and 

no intervening round of DNA replication, haploid gametes form that are genetically and 

biochemically distinct from the starting diploid precursor cell. Homologous recombination 
(see Glossary) and reduction of the chromosome content in half generates genetically 

distinct cells. Coupled to meiosis is the formation of gametes (gametogenesis) a 

developmental program that varies between species and sex that makes the gamete 

biochemically distinct from the starting cell. The first meiotic division (meiosis I (MI)) is 

unique because homologous chromosomes segregate while sister chromatids remain 

associated with one another. The subsequent meiotic division (meiosis II (MII)) resembles 

that of mitosis where sister chromatids segregate. In mammals, meiotic maturation is the 

process that couples completion of meiosis I with the acquisition of developmental 

competence to support fertilization (Fig. 1). In females there are several hallmark maturation 

events that are linked to the cell cycle. First, meiosis is not continuous, it is initiated during 

fetal development where DNA replication and homologous recombination occur, followed 

by a prolonged arrest at the dictyate stage of prophase I. During the arrest, oocyte growth 

occurs. This arrest lasts until the organism is reproductively mature, after which a subset of 
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the oocytes will resume meiosis in response to species-specific regulatory cues. The second 

hallmark is that once oocytes reach full size, they cease transcription and remain silent 

throughout completion of meiosis, relying solely on mRNA transcribed during oocyte 

growth. Therefore, oocytes rely on recruitment of stored maternal transcripts to assist in 

completing meiosis and subsequent developmental changes that occur in pre-implantation 

embryos prior to zygotic genome activation [1]. Finally, vertebrate oocytes arrest at 

metaphase of MII, and will not complete MII until fertilized by sperm.

It is critical that the meiotic divisions occur accurately, as errors in chromosome segregation 

cause aneuploidy. Aneuploidies are frequently incompatible with life and are the leading 

genetic cause of infertility and failure of in vitro fertilization in humans [2]. 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 [2].

Aurora Kinases

The precise regulation of meiosis is a choreographed dance involving numerous proteins that 

ensure formation of a healthy gamete. The aurora protein kinases (Aurks) are a conserved 

family of protein kinases, key in coordinating this dance in mitosis and meiosis [3–5]. The 

kinases act as molecular switches, regulating multiple processes in cell division including 

but not limited to; spindle organization, chromosome alignment, the spindle assembly 

checkpoint, cytokinesis, and the abscission checkpoint (Table 1) [3].

The mammalian genome encodes three AURK isoforms (AURKA, AURKB, and AURKC) 
(Fig. 2, Key Figure). AURKA is expressed in mitotic and meiotic cells and localizes to 

spindle poles to regulate spindle mechanics [6, 7]. 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 

[3, 8–10]. AURKC expression is primarily restricted to germ cells and it has higher 

sequence similarity to AURKB than to AURKA [11–13]. AURKC localization is a hybrid of 

AURKA and AURKB in mitosis, because it localizes to spindle poles and chromosomes in 

metaphase, and the spindle midzone in anaphase [14–16]. Found only in mammals, AURKC 
may have arisen from a genome duplication event of an ancestral AURKB/C gene found in 

cold-blooded vertebrates [5]. 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?

The unique MI division and 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 critical for understanding the complex inner workings of meiosis and 

hopefully will shed light on why aneuploidies are so common in humans. The purpose of 

this review is to highlight the current understanding of the functions of the AURKs in female 

meiosis, to speculate why meiotic cells use three AURKs, and to identify significant 
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remaining questions in the field. To remain concise this review will not elaborate on the 

details of key regulatory pathways including spindle morphogenesis, the spindle assemble 

checkpoint, cytokinesis, and the abscission checkpoint. Many other reviews do a thorough 

job covering these topics in mitosis in detail, and instead, here we will focus on the known 

requirements for the Aurora kinase family members as they relate to these pathways[10, 17–

28].

Regulation of localization and activity

AURKA—In metaphase I (Met I) and II (Met II), AURKA localizes to spindle poles where 

its activity is important for regulating spindle organization (Table 1) (Fig. 2, Key Figure) [3, 

29, 30]. Work in Xenopus egg extracts showed AURKA localization and activation requires 

the microtubule-associated protein TPX2 [31–33]. Knockout of Tpx2 in mice using a 

conditional gene trap strategy is lethal, causing arrest at the morula stage of pre-implantation 

embryonic development [34]. Inspection of these arrested embryos revealed loss of AURKA 

at spindles and defective microtubule nucleation. In addition to TPX2, Bora, another 

AURKA binding partner, is critical for the localization and activation of AURKA at spindle 

poles in mouse oocytes [35]. In wild-type oocytes Bora co-localizes with AURKA at spindle 

poles and depletion of Bora using siRNA disrupts 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 or the 

mechanism by which it is involved in microtubule organization in oocytes remains to be 

determined.

AURKB—In mitosis, AURKB is an essential regulator of cell division, with known 

functions including; regulation of chromosome alignment, the spindle assembly checkpoint 
(SAC), erroneous K-MT attachment detection, chromatid condensation, cohesion, the 

abscission checkpoint, and cytokinesis (Table 1) [17, 19, 36–40]. 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 

[14, 41]. However, some groups have successfully detected AURKB by 

immunocytochemistry and western blotting [14, 42]. These results are consistent with the 

presence of Aurkb transcripts in mouse oocytes [43] and of the protein in human oocytes 

and embryos [13, 44–46]. 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. 2, Key Figure) [14]. 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 [44]. 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 
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endogenous expression of AURKB and suggest the kinase regulates chromosome alignment 

[44]. However, the precise AURKB function(s) in meiosis is unknown and is an active area 

of exploration.

AURKC—AURKC is the most elusive of the AURKs, with expression primarily restricted 

to germ cells in mammals, a few somatic tissue types, and many human cancer lines [47–

52]. AURKC is most similar in sequence to AURKB, differing most significantly in the N-

terminus, with AURKC 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 [53]. The CPC is a multi-protein complex comprised 

of INCENP, Survivin, Borealin, and in some cases TIP60. AURKB/C activity is dependent 

upon binding INCENP, the scaffolding unit of the complex, which stimulates auto-

phosphorylation and activation of the kinase [54]. Survivin and Borealin are critical for 

determining localization of the complex to the chromosomes via recognition of histone 

phospho-marks [55–58].

Phosphorylation of centromeric Histone H3 at threonine 3 (H3pT3) by Haspin kinase is 

recognized by Survivin, thereby driving the CPC to centromeres and the interchromatid 
axes (ICA) in metaphase of meiosis I [16, 59–66]. Concomitantly, phosphorylation of 

Histone 2A at threonine 120 (H2ApT120) by BUB1 kinase also positively regulate 

chromosomal CPC localization [66–68]. The role of TIP60 in meiosis remains unknown.

CPC localization is dynamic, localizing to centromeres and the ICA of chromosomes in Met 

I and the spindle midzone in anaphase (Table 1) (Fig. 2, Key Figure) [14]. However, whether 

both AURKB and AURKC act as CPC members in meiosis is unknown. Additionally, like 

AURKA, AURKC localizes to the spindle poles throughout meiosis in mouse oocytes, 

detectable by AURKC specific antibodies and by exogenous expression of fluorescently 

labeled AURKC-Gfp [15]. Most of our understanding about the function of AURKB/C in 

meiosis stems from studies that utilize small molecule inhibitors (AZD1152 and 

ZM447439). However, due to their high sequence similarity, these inhibitors are not 

selective for AURKB over AURKC at doses required to elicit strong phenotypes [44, 45, 

69–71]. In addition, siRNA approaches are reportedly inefficient and non-specific [69, 70], 

and expression of a dominant-negative Aurkc allele disrupts both AURKC and AURKB 

function [14, 72]. 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 that mutates 

the kinase ATP pocket (Aurkc-L93A), that does not affect AURKB activity [14]. 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 as AURKC-L93A only 

inhibits AURKC, and cannot inhibit AURKB. Therefore, when expressed in wild-type 
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oocytes, the resulting phenotypes revealed that AURKC is the dominant CPC kinase, 

consistent with other suggestions in the literature that AURKC has replaced AURKB-CPC 

chromosome function in meiosis [14, 43, 69]. 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. While AURKB and AURKC 

sequence similarities are well documented, we would be remiss to not acknowledge that 

sequence similarities between AURKA and AURKB also exist [73–75]. In mitotic cells, a 

single amino acid substitution in AURKA (in human Gly198 to Asn) enables the kinase to 

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 [73]. The authors went on to show that binding 

partner specificity is dictated by length and hydrophilicity of the side chain in the binding 

domain [73]. Although, the same substitution in AURKB (in human Asn 142 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. This residue resides in kinase 

subdomain IV, where AURKC is more homologous to AURKB at this site (Asn 108 in 

human). However, other residues in this subdomain are homologous to AURKA (ie. His 111 

in human AURKC and His 201 in human AURKA). Therefore, it is tempting to speculate 

that AURKC localizes to chromosomes and poles because of this hybrid binding domain 

sequence.

In female mice, germline deletion of Aurkc causes subfertility, and oocytes have similar, 

albeit less severe, phenotypes as those expressing the selective dominant-negative Aurkc 
allele. These phenotypes include a reduction in oocytes capable of progressing to Met II 

[13]. 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 [13]. 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 that of AURKB protein, which declines throughout meiosis. Aurkc recruitment 

may provide a boost of AURK activity to support meiotic progression when AURKB protein 

is limited [76]. However, while loss of AURKC leads to MI arrest, about one-half of 

AURKC knockout 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 [13].

Separating AURKB and AURKC function

AURKB’s ability to compensate for the loss of AURKC implies these 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 
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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 while both kinases bind INCENP in vivo, AURKB and AURKC cannot bind 

within the same complex [77]. The next question to answer will be how two kinases, so 

similar in functional ability, 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 critical role in 

localization of a proportion of the CPC to kinetochores [78]. This localization is independent 

from an inner centromeric CPC pool regulated by Survivin recognition of H3pT3 [78]. 

Importantly, these two spatially distinct CPC pools are responsible for regulating different 

functions within the cell. Specifically inner-centromere-localized CPC was important for 

destabilizing improper K-MT attachments and activation of the SAC, while the function of 

the kinetochore population is still under investigation.

Differentially regulated CPC populations are also present in meiosis. In mouse oocytes, 

inhibition of Haspin results in a loss of AURKC-CPC from the centromeres and ICA but not 

from the kinetochores [16]. Loss of centromere/ICA-localized CPC resulted in an increase 

of stable improper K-MT attachments, suggesting this population is important for K-MT 

error correction [16]. Experiments aimed at perturbing kinetochore-localized CPC will be 

critical to determining the specific roles of this subpopulation of the CPC and whether it 

contains AURKB or AURKC. We therefore hypothesize similar spatial distributions on 

mouse oocyte bivalents could support this division of labor (Fig. 3).

Differences in catalytic activity could provide additional functional diversity. Previously, the 

only direct interaction with AURKs and the CPC subunits was detected with INCENP, 

however, immunoprecipitation of endogenous AURKC from PC-3 cells revealed the 

presence of an AURKC-Survivin dimer that did not contain INCENP [77]. Interestingly, this 

interaction positively regulates AURKC, but not AURKB, activity. In vitro kinase assays 

found that AURKC, and not AURKB, phosphorylates Survivin at serine 20, 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 [11]. 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. 3).

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[79]. Mouse oocytes instead rely on 

many microtubule-organizing centers (MTOCs) that nucleate microtubules and cluster 

together to form two spindle poles (Fig. 2, Key Figure). AURKA co-localizes with MTOCs 
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throughout meiosis and is required to recruit γ-tubulin, a key MTOC component [80]. 

Knockdown of Aurka in mouse oocytes results in the loss of γ-tubulin and pericentrin 

localization leading to MTOC scattering [45].

In mitotic prophase, newly nucleated microtubules are stabilized via phosphorylation of the 

centrosome-associated protein TACC3 that is mediated by AURKA [81]. Stable 

microtubules are then assembled into a bipolar structure via the molecular motor protein 

Kinesin 5 (Eg5), another AURKA substrate [6, 82–86]. Pharmacological inhibition of 

AURKA in bovine oocytes, and the subsequent loss of TACC3 phosphorylation, leads to 

abnormal meiotic spindles and misaligned chromosomes [81]. Similarly, knockdown of 

Aurka (air-1) in Caenorhabditis elegans embryos results in a 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-1K73R, T201A) failed to rescue this phenotype. While cells fail to form a bipolar spindle 

when AURKA is depleted, overexpression of the protein leads to MTOC multiplication and 

abnormally long, distorted microtubules, suggesting proper regulation of AURKA 

expression is critical to spindle formation in meiosis [30].

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. 2, Key Figure) 

[15]. Similar 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 expression of the selective dominant-negative 

Aurkc allele resulted in the inability to cluster MTOCs [15]. This phenotype could be 

rescued only through the overexpression of AURKC, and not AURKB or AURKA, 

highlighting a unique function for AURKC at MTOCs [15]. Interestingly, this AURKC 

function appears to not 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 called condensin, that uses SMC1 and SMC2 as hinges to structurally 

organize the chromosomes into tight bundles [87]. In C. elegans, AURKB (AIR-2) is 

required for the localization of condensin in pro-metaphase along the short arm of bivalents 

[88]. In oocytes, loss of AURKC-CPC from the ICA delocalizes condensin, indicating this 

function may be AURKC-specific in gametes [16]. However, there is still much work needed 

to fully understand the role of the AURKs in regulating chromosome condensation.

One key difference between MI and mitosis is the separation of homologous 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 spindle 

microtubules. Cohesins hold sister chromatids together, localizing along the bivalents and at 
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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 [89–92]. 

In mitotic cells, phosphorylation of SGO2 by AURKB is essential for cohesion protection 

[93, 94]. 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 [14]. 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 critical 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 kinetochores [95, 

96]. 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.

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 [96–99]. K-MT attachments of bi-oriented chromosomes are stabilized while 

incorrectly attached chromatids are released, allowing correction. Almost all kinetochores 

will undergo this process multiple times before finally stably attaching to a spindle pole 

[100]. The Aurora kinases are critical 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 in 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 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, as low tension 

does not immediately result in microtubule release in meiosis [96]. 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 [96].

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 
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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 [101]. In these 

oocytes, kinetochores 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 [101]. 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. 2, Key Figure) [15]. Whether 

both AURKA and AURKC regulate the pole-ward destabilization of K-MTs or 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 [17]. In 

mitosis, AURKB-CPC plays a direct role in the SAC by recruiting proteins important for its 

function [102, 103]. 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 error-

correction 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 [14]. These oocytes 

arrested at Met I when exposed to nocodazole, providing evidence for a responsive SAC 

signal, suggesting that the SAC may be regulated by AURKB in meiosis. Further work is 

required 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 [69]. 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 [69].

Human Variants

Work in mouse oocytes and other meiotic systems reveal essential functions for the AURKs. 

Ultimately we, and others, aim to understand the reproductive implications of humans 
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harboring variants in the Aurk genes. Similar to mouse, human oocytes and pre-implantation 

embryos express both AURKB and AURKC [46]. However, whether loss or gain-of-function 

mutations alter fertility in women is currently unknown. It is well-established that loss-of-

function alleles of AURKC cause male sterility [104–109] and there is some evidence that 

variants in AURKB may also reduce male fertility [110]. 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.

Concluding remarks

The AURKs are critical regulators of cell division, however, little is known about the 

mechanisms by which these kinases function in meiosis. Recent work has begun to chip 

away at the specific roles each of the kinases play, however, as more is uncovered, additional 

questions arise. If AURKB and AURKC do have non-overlapping functions in meiosis, how 

are they differentially regulated (See Outstanding Questions)? One potential source of 

differential regulation could be proximity to substrates. Based on data from mitotic cells that 

express both AURKB and AURKC, they exist in separate complexes [77]. Additionally, the 

kinases differ in catalytic activity levels, with AURKC, and not AURKB, capable of binding 

Survivin, increasing its auto-phosphorylation [77]. While AURKB and AURKC are similar 

in sequence and structure, catalytic activity, stability, and binding partner affinity differences 

are likely key to their separate functions. It is tempting to hypothesize that one requirement 

for two independent CPC pools could act to restrict the amount of Survivin available to bind 

AURKC, thus limiting its activity, as overexpression of AURKC results in atypical mitotic 

progression in cancer cells [111].

The high sequence similarity among the AURK family members has made discerning the 

individual kinase functions in meiosis challenging. Technical limitations in specifically 

targeting AURKB or AURKC using small molecule inhibitors and compensatory abilities in 

single knockout animals add to this challenge. Novel techniques will be required to discern 

the individual functions of these kinases in meiosis including methods to identify the 

endogenous localization of the kinases and targeted inhibition. Pinpointing the mechanism 

that restricts the isoforms to their respective signaling networks will be critical for 

unraveling their complex functional regulation.
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Glossary

Aneuploidy
Presence of an abnormal number of chromosomes in a cell

Aurora protein kinases (AURKs)
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Refers to any of the aurora kinase family members. Family of evolutionarily conserved 

serine/threonine kinases found in mitosis and meiosis

AURKA
Aurora kinase A. Also known as the polar kinase, involved in bipolar spindle formation and 

chromosome alignment in mitosis and meiosis

AURKB
Aurora kinase B. Chromosome localized AURK expressed in mitosis and meiosis, involved 

in multiple processes in cell division including chromosome alignment, the spindle assembly 

checkpoint, and cytokinesis

AURKC
Aurora Kinase C. Chromosome and spindle pole localized AURK expressed in mammalian 

meiosis. Involved in multiple processes in meiotic cell division including chromosome 

alignment and meiotic progression

Aurkc-L93A
Mutation of the gatekeeper leucine residue in the ATP-binding pocket of AURKC in mouse 

oocytes that inactivates the kinase and does not disrupt AURKB activity

AZD1152 (Barasertib)
Highly selective AURKB/C inhibitor. IC50 of 0.37nM in a cell-free assay, ~3700 fold more 

selective for AURKB over AURKA

BORA
AURKA binding protein. Involved in microtubule nucleation and building of the mitotic and 

meiotic spindles

Borealin
Cell division cycle-associated protein 8. Docking subunit of the chromosomal passenger 

complex. Dimerization of Borealin subunits drives inner centromeric chromosomal 

passenger complex localization in mitosis

BUB1
Serine/threonine protein kinase expressed in mitosis and meiosis. Important for localization 

of chromosomal passenger complex via phosphorylation of Histone 2A at threonine 120 and 

spindle assembly checkpoint proteins to chromosomes

Chromosomal passenger complex (CPC)
Protein complex comprised of INCENP, Survivin, Borealin, and a single aurora kinase. 

Involved in many processes in mitotic and meiotic divisions

Condensin
Large protein complex comprised of two ATPases of the SMC family, a kleisin, and one or 

two additional subunits. Structurally organizes chromosomes into tight bundles

Haspin
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Germ-cell specific gene 2 (GSG2). Serine/threonine protein kinase expressed in mitosis and 

meiosis. Important for localization of the chromosomal passenger complex to chromosomes 

via phosphorylation of Histone 3 at threonine 3

Homologous recombination
Genetic exchange and subsequent recombination of DNA between DNA molecules in 

meiosis

INCENP
Inner Centromere Protein. Core structural component of the chromosomal passenger 

complex. Binds to AURK, Survivin, and Borealin

Interchromatid axis (ICA)
Axis between homologous chromosomes in metaphase of meiosis I

Kinetochore
A multi-protein complex assembled at chromosome centromeres, attaches to spindle fibers 

to mediate chromosome alignment

Kinetochore-microtubule (K-MT)
Spindle microtubules that make direct interaction and attachment to the kinetochore complex 

at centromeres

Kinesin 5 (Eg5)
Molecular motor protein that slides antiparallel microtubules during spindle assembly

MAD2
Mitotic Arrest Deficient 2. Spindle checkpoint protein

Maternally recruited message
A mechanism to increase protein levels in oocytes while transcription is not occurring. 

Stored mRNAs are translated during meiotic maturation. This recruitment of messages for 

translation is regulated via cytoplasmic polyadenylation element and DazL binding 

sequences present in 3s UTRs

Meiosis I (MI)
Segregation of homologous chromosomes; also called the reductional segregation.

Meiosis II (MII)
Segregation of sister chromatids; also called the equational segregation.

Metaphase I (Met I)
Metaphase of Meiosis I. Alignment of bivalents along the metaphase plate in meiosis I

Metaphase II (Met II)
Metaphase of Meiosis II. Alignment of univalents along the metaphase plate in meiosis II

Microtubule-organizing center (MTOC)
Acentriolar centrosomes that nucleates microtubules to generate a meiotic spindle in oocytes
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Nuclear envelope breakdown (NEBD)
The breakdown of the nuclear lamina at the resumption of meiosis I

REC8
Meiosis specific kleisin component of the cohesin complex. Assists in binding sister 

chromatids together

Separase
Cysteine protease that hydrolyses cohesin, driving its removal from chromosome arms and 

separation of sister chromatids

Shugoshin-2 (SGO2)
Localizes to centromeres and blocks cohesion removal in meiosis I

SMC1/SMC2
ATPase hinge subunits of the condensing complex

Spindle assembly checkpoint (SAC)
Signaling checkpoint that regulates the metaphase-anaphase transition. When the SAC signal 

is active, the cell remains in metaphase until all chromosomes have correct attachments to 

the spindle apparatus

Subfertility
Reduced fertility compared to normal. In mouse, this refers to smaller than normal litter 

sizes or fewer litters over a reproductive life-span

Survivin
Baculoviral inhibitor of apoptosis repeat-containing 5, BIRC5. Docking subunit of the 

chromosomal passenger complex. Recognizes phosphorylation of histone H3 at threonine 3. 

Binds AURKC and INCENP

TACC3
Transforming Acidic Coiled-Coil Containing Protein 3. Motor spindle protein involved in 

spindle stability in mitosis and meiosis

TIP60
Histone acetyl transferase. Sometimes a subunit of the chromosomal passenger complex

TPX2
Microtubule associate protein that binds AURKA

ZM447439
Highly selective AURKB/C inhibitor with IC50 of 130nM. Selectivity for AURKA at 

110nM. Demonstrated to disrupt AURKB/C localization/function, and not AURKA [112]
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Outstanding Questions

• Can AURKC compensate for loss of AURKB in mammalian oocytes?

• Do AURKB-CPC and AURKC-CPC exist in distinct chromosome localized 

pools and do they target different substrates in meiosis?

• What are the substrates of these kinases in meiotic cells?

• What regulates the spatial temporal differences between the AURKs?

• Are all three auroras interchangeable in their functional abilities?

• What regulates AURK binding partner specificity in meiosis?

• Is pole-directed chromosome alignment mediated by AURKA or AURKC?

• Is the requirement for the AURKs and compensatory abilities sexually 

dimorphic?
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Trends Box

• AURKC is the primary CPC catalytic subunit, required for meiotic cellular 

events similar to those of AURKB in mitotic cells.

• A subpopulation of AURKC localizes to spindle poles and regulates 

microtubule-organizing center clustering.

• Aurkc is a maternal transcript recruited for translation during meiotic 

maturation.

• AURKC protein is more stable than AURKB protein during meiotic 

maturation.

• Haspin phosphorylation of histone H3 at T3 is required for the localization of 

centromeric, and not kinetochore AURKC-CPC.

• AURKB is expressed in mouse oocytes and localizes to spindle microtubules.

• AURKB can compensate for loss of AURKC in mouse oocytes.

• AURKA, the polar AURK, can destabilize improper kinetochore-microtubule 

attachments.
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Figure 1. 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 (0h), Metaphase I (7h), Anaphase (10h), Metaphase II (16h) prior to 

fixation and immunocytochemistry to detect spindle (α-tubulin; green in merge) and DNA 

(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 
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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, containing half of the chromosome compliment. Within the main body of the 

egg sister chromatids align along a metaphase plate and the cell arrests until fertilized by 

sperm.

Nguyen and Schindler Page 22

Trends Genet. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Aurora kinase localization in 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 AURKA clusters around microtubule organizing centers in the 
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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 at spindle poles, AURKB on the spindle microtubules and 

AURKC concentrated at the centromere.
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Figure 3. Hypothesized mechanism of AURKB-CPC and AURKC-CPC spatial distribution to 
explain separation of function in germ cells
a) Schematic representation of hypothesized CPC sub-populations in mouse oocytes on MI 

bivalents. b) Survivin recognition of phosphorylated histone 3 at threonine 3 (H3pT3) drives 

AURKC-CPC to the interchromatid axis (ICA) and centromeres. This CPC subpopulation is 

responsible for error correction in meiosis I via destabilization of erroneous kinetochore-

microtubule (K-MT) attachments and regulating chromosome condensation. c) 
Hypothesized Borealin dimerization drives AURKB/C-CPC localization to kinetochores. 
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This CPC sub-populations functions remain unknown and may require AURKB and/or 

AURKC.
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