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Abstract

During female meiosis, only one of four meiotic products is retained in the egg. It was previously
proposed that chromosomes might compete for inclusion in the egg via their centromere
‘strength’. Recent findings have revealed the primary requirements for such ‘centromere drive’.
First, CDC42 signaling from the oocyte cortex renders the meiotic | spindle asymmetric. Second,
‘stronger’ centromeres preferentially detach from microtubules in cortical proximity, making them
more likely to orient away from the cortex, and be included in the egg. Third, centromeric satellite
DNA expansions result in greater recruitment of centromeric proteins. Despite these mechanistic
insights, it is still unclear if centromere drive elicits rapid evolution of centromeric proteins,
thereby driving cellular incompatibilities and wreaking havoc on centromere stability.

Introduction

Centromeres are chromosomal regions responsible for proper chromosome segregation in
eukaryotes. Centromeres recruit kinetochore proteins, which attach to the spindle, allowing
chromosomes to be pulled apart in an orchestrated manner during cell division. Proper
centromere function is essential for eukaryotic life. Given this vital role, centromeric DNA
and proteins are expected to evolve under strict evolutionary constraint. In contrast to this
prediction, centromeric DNA and proteins evolve rapidly across diverse eukaryotic taxa.
This evolutionary enigma is known as the centromere paradox [1]. The centromere drive
model provides a plausible explanation for the centromere paradox. The model posits that
centromeric DNA evolves rapidly because centromeres are engaged in a genetic conflict, in
which stronger centromeres can bias their own transmission to the egg rather than perishing
in polar bodies during female meiosis [1,2].

Centromere drive has been observed in Mimulus guttatus monkeyflower populations [3].
More recently, quantitative measurements of satellite DNA also discovered inheritance
patterns consistent with centromere drive in Drosophila melanogaster [4]. Although these
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and other systems have contributed much insight into to the evolution and ecology of
centromere drive, the key cell biological system to study centromere drive has been female
meiosis in mice. Recent studies have combined previous genetic findings together with
advances in cellular manipulation and imaging to bring centromere drive into sharp focus.

The cell biology of centromere drive

Molecular

Centromere drive is hypothesized to occur in the first meiotic cell division (meiosis I, or
MI). Meiosis | is a reductional division in which homologous chromosomes separate from
one another, but sister chromatids are held together at their centromeres. In contrast, during
the second, equational meiotic division (Meiosis I1), the two sister chromatids segregate
away from each other.

There are three primary requirements for centromere drive (Fig 1). First, centromere drive
relies on asymmetry of the Ml spindle. The asymmetric Ml spindle enables centromeres to
orient themselves relative to each other and to the cortex of the oocyte. Second, a preferred
centromere position on the asymmetric Ml spindle must predictably dictate chromosomal
fates /.e., whether chromosomes are retained in the egg or degraded in polar bodies. The
third requirement is centromere heterozygosity, in which homologous chromosomes have
different propensities to exploit the asymmetry of the female meiotic spindle.

The original centromere drive model [1] proposed that stronger centromeres (that are more
successful in segregating to the egg during female meiosis) recruit more centromeric
proteins, compared to their homologous centromere competitors. This hypothesis was
elegantly demonstrated in crosses between mouse strains possessing homologous
chromosomes with differential recruitment of centromere proteins [5]. For example, in
heterozygous CHPO/CF-1 mice, particular CF-1 chromosomes are preferentially transmitted
through female meiosis. The ability of CF-1 chromosomes to preferentially transmit was
directly correlated with the increased amount of inner and outer kinetochore proteins
recruited to CF-1 versus CHPO centromeres [5]. Moreover, chromosomes that were subject
to meiotic drive were positioned off-center at the MI metaphase plate (Figure 1). This study
established that increased levels of centromere proteins correlate with increased likelihood
of transmission to the egg in female meiosis. These experiments helped establish a powerful
model system that enabled further mechanistic studies of the meiotic spindle, chromosome
behavior on the spindle and the molecular basis for centromere asymmetry.

basis of meiotic spindle asymmetry

The meiotic spindle in oocytes is different from mitotic spindles in that it lacks microtubule-
organizing centers called centrosomes. Instead, meiotic chromosomes organize the
microtubules of the M1 spindle, which forms first in the center of the oocyte but then moves
in an actin-dependent manner perpendicularly towards the oocyte cortex (Figure 2Ai-Aiii).

A recent study investigated meiotic spindle asymmetry by examining post-translational
modifications of microtubules [6]. It found that the MI spindle is preferentially enriched for
a-tubulin tyrosination on its cortical side (which would result in polar body inclusion) but
depleted on the egg side (Figure 2Aiii). a-tubulin tyrosination results in decreased
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microtubule stability. Thus, the cortical side microtubules are more dynamic than those
oriented towards the egg side. Intriguingly, this asymmetry is not evident in early meiosis |
when symmetric spindles are formed in the center of mouse oocytes (Figure 2Ai), but is
established upon spindle positioning at the cortex.

These observations suggest that some cortical signaling likely induces the asymmetry of an
otherwise symmetric MI spindle. Further experiments showed that cortical signaling by
CDC42, a plasma membrane-associated small GTPase involved in a variety of cell
polarization processes, is required for the asymmetric tyrosination (Fig 2Aiii) [6].
Expression of a dominant-negative (Fig 2B) or a constitutively active CDC42 decreases or
increases a-tubulin tyrosination respectively. Moreover, through clever optogenetic
experiments, targeting CDC42 to one pole of a symmetric meiotic spindle induces
asymmetric a-tubulin tyrosination even without cortical proximity (Fig 2C). The CDC42
signaling is established by a chromatin-based gradient of RAN, a small GTPase with well-
established roles in microtubule dynamics. RAN signaling helps to activate CDC42 and
polarize the oocyte cortex. Abrogation of this chromosome-directed RAN signaling is
sufficient to eliminate the spindle asymmetry and disrupt biased chromosome orientation
required for centromere drive in spite of the proximity of the spindle to the oocyte cortex
(Fig 2D).

How do strong centromeres exploit the asymmetry of the meiotic spindle?

In order to undergo preferential segregation to the egg, chromosomes with stronger
centromeres are predicted to preferentially orient on the MI spindle by exploiting its inherent
asymmetry. Two recent studies show how strong centromeres achieve this winning
orientation. The first of these studies showed that all centromeres (strong or weak) are
detached from microtubules in proximity to the meiotic spindle poles [7]. This detachment
requires the action of Aurora A kinase, which primarily localizes to the spindle poles. A
second study [6] showed that stronger centromeres are more likely to detach than weaker
centromeres, and do so at higher frequency on the cortical (‘wrong’) side, likely related to
the inherently lower stability conferred by their a-tubulin tyrosination (Fig 3). These
properties give stronger centromeres a higher chance of orienting toward the egg pole,
thereby achieving preferential transmission into the next generation: centromere drive. This
is the key cellular process by which stronger centromeres win [6].

Exactly how stronger centromeres preferentially detach remains unknown. It is possible that
centromeres recruit factors like Aurora kinases that can destabilize microtubule-kinetochore
attachments in a stoichiometric manner, such that stronger centromeres recruit more kinase,
and their attachments to spindle microtubule are, therefore, more likely to be destabilized. If
this were the case, proteins that enhance the recruitment or retention of such factors would
be expected to directly enhance success in female meiosis, much like kinetochore protein
recruitment is predicted to do under the original centromere drive model [1,2,8].
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What is the molecular basis of centromere strength?

Earlier work using immunofluorescence supported the model that stronger centromeres
recruit more inner and outer kinetochore proteins [5]. However, it remained unclear how
chromosomes achieve increased recruitment of centromeric proteins. One hypothesis is that
increased recruitment is linked to the underlying centromeric DNA. A recent study
compared stronger and weaker centromeres in mouse strains that have identical sequences of
both repetitive centromeric satellite DNA (called the minor satellite) and the centromeric
histone CENP-A [9]. Closer investigation revealed that the stronger centromeres, from
mouse strains CF-1 or C57BL/6J, possessed 6—10 times more copies of the minor satellite
repeats than the weaker centromeres from the CHPO strain. These results establish that more
centromeric DNA can recruit more centromeric proteins, which can explain the differences
in centromere strength that underlie centromere drive [9].

These findings challenge the idea that centromeres in animal and plant species are solely
epigenetically defined. Despite the fact that mouse centromeres are flanked by large amounts
of major satellites (the pericentric satellite repeat), there were very few CENP-A
nucleosomes packaged on major satellites, even in weaker centromeres. Therefore, the major
satellite is a poor substrate for CENP-A nucleosome assembly whereas minor satellites are
preferred. What genetic differences could distinguish the two satellites at mouse
centromeres?

The differences between minor and major satellites could be attributed to the only
centromeric protein with DNA-binding specificity: CENP-B. Recent studies have shown that
CENP-B binding can increase the fidelity of centromere function in humans [10]. Indeed,
CENP-B activity can even render the otherwise essential CENP-A dispensable for mitotic
centromere function in human cells [11]. Even in human centromeres, the youngest, most
abundant dimeric alpha-satellite centromeric repeat units possess CENP-B binding motifs
[12] as do alpha-satellite arrays that can assemble centromeres de rovo in stably transmitted
human artificial chromosomes [13]. Interestingly, minor, but not major, satellites possess
binding sites for CENP-B in mouse centromeres. This suggests that the CENP-B binding
site is likely an important genetic determinant of centromere function, at least in humans and
mouse.

An alternative, and not mutually exclusive, possibility is that satellite specificity could be
RNA-mediated. Recent findings have identified centromeric satellite transcripts in complex
with centromeric proteins like CENP-A and CENP-C [14]. Under this scenario, the ability to
produce more minor satellite RNA by the stronger centromere may underlie its increased
recruitment of CENP-A and CENP-C proteins. Conversely, major satellite-derived RNA
may preferentially recruit heterochromatic, rather than centromeric, proteins [15-17].

Cellular consequences of centromere drive

Accelerated evolution of centromeric satellite DNA (in size and sequence) is only the first
prediction of the centromere drive model [1,2,8]. The second prediction is that centromere
drive must have deleterious fitness consequences, either directly as a result of expanded or
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mismatched centromeric strengths or indirectly due to the hitchhiking of deleterious alleles
with driving centromeres. Finally, the third prediction of centromere drive is that
centromeric proteins must co-evolve with centromeric DNA in order to suppress the
deleterious consequences of centromere drive.

Recent studies have attempted to test both these predictions, starting with the question of
whether centromere drive has deleterious consequences. Early work based on human carriers
of Robertsonian fusions (in which two acrocentric chromosomes fuse their centromeres to
create one metacentric chromosome) suggested that these expanded centromeres cause no
somatic (mitotic) defects but result in lower male fertility in the heterozygous state [18,19].
This led to the model that the primary deleterious effects of centromere drive must be in
male meiosis or gametogenesis. Supporting this model, taxa lacking male meiosis appear to
have not undergone rapid evolution of their centromeric histones suggesting they are not
subject to deleterious effects despite apparently undergoing centromere drive [20,21]. For
instance, the centromeric satellites of haplodiploid fire ants (males are haploid and do not
undergo meiosis) cover nearly a third of the length of their chromosomes [22]. However,
recent findings have challenged the hypothesis that the primary deleterious consequence of
centromere drive is in male fertility. Recent work in the Mimulus system has shown that
driving centromeres cause a myriad of deleterious effects including reduced male and female
viability [23] in individuals homozygous for driving centromeres. However, it is likely that
the effects of deleterious alleles, which have accumulated in centromere-linked
heterochromatin blocks, may have obscured the true deleterious effects of centromere drive.
Thus, there is still no robust evidence for the deleterious effects of centromere drive.

Do centromeric proteins co-evolve with rapidly evolving centromeric DNA? If centromeric
proteins evolve rapidly in concert with centromeric DNA, they should be specifically
adapted to their own genome. The centromeric histone, CenH3 (CENP-A in humans), is a
prime candidate for this co-evolution because it has been shown to evolve rapidly in plants
and animals [8], and it directly interacts with centromeric DNA [24-26]. Recently,
researchers addressed this question by investigating whether divergent CenH3 orthologs can
complement loss of the endogenous CenHa3 allele in Arabidopsis thaliana [27]. They found
that untagged CenH3 orthologs from Lepidium oleraceum and Zea mays are surprisingly
capable of supporting both mitotic and meiotic function in A. thaliana. Heterologous CenH3
bearing plants are fully fertile and yield viable seeds when selfed, comparable to wild-type
crosses (Fig 4A, 4B). This would suggest that A. thaliana CenH3 has not specifically
adapted to A. thaliana centromeres, even though A. thaliana CenH3 has been shown to
evolve rapidly [28]

How do we reconcile the full functionality of CenH3 orthologs, with the evolutionary
signature of their rapid evolution? A partial answer is revealed in crosses using pollen from
A. thaliana plants encoding A. thaliana CenH3 and ovules from A. thaliana plants encoding
a divergent L. oleraceum CenH3 ortholog (Fig 4C). In this cross, although fertilization
proceeds normally, the maternal chromosomes, whose centromeres are packaged in L.
oleraceum CenH3, undergo dramatic chromosome segregation defects [27]. In contrast, the
paternal chromosomes, whose centromeres are packaged in A. thaliana CenH3, undergo
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proper chromosome segregation. As a result, many progeny plants are aneuploid or haploid,
containing solely paternal chromosomes.

What is the nature of the developmental defect induced when genomes packaged by
heterologous CenH3s are outcrossed to wild-type A. thaliana? One possibility is that L.
oleraceum CenH3 recognizes a different set of satellites than A. thaliana CenH3. However,
ChiIP-seq experiments with A. thalianaand L. oleraceum CenH3 proteins revealed no
significant differences satellite sequence binding in A. thaliana genomes [29]. Although
these experiments cannot rule out the possibility that orthologous CenH3 proteins have
lower stability than A. thaliana CenH3 despite correct localization, they do weaken the
possibility that DNA sequence-binding preferences can fully explain functional differences
between CenH3 orthologs [29,30].

In Drosophila species, rapid, divergent evolution of centromeric proteins can also lead to
incompatibilities in protein-protein interactions. For instance, the D. melanogaster CenH3
chaperone Call is incompatible with the D. bipectinata CenH3 protein, leading to the
mislocalization of exogenous D. bipectinata CenH3 in D. melanogaster cells [31]. Co-
expression of the D. bipectinata Call protein can alleviate this mislocalization. However, the
finding that plant CenH3 orthologs are intrinsically capable of performing meiotic and
mitotic functions in A. thaliana (Figure 4B) weakens the likelihood that protein-protein
incompatibilities can explain the Arabidopsis aneuploidy-induction phenotype [27]. Thus,
although these studies do find evidence in support of the coevolution of centromeric
proteins, they leave mechanistic basis of centromeric incompatibilities unresolved [30].

The perplexing diversity of centromeric protein repertoires

Despite performing similar essential functions across eukaryotes, centromeric and
kinetochore protein repertoires are remarkably varied [32]. While we could attribute the
rapid changes in essential proteins like CenH3 to centromere drive, other changes are likely
to be driven by other differences in chromatin architecture or constraints. One dramatic type
of centromere change is the transition from monocentric to holocentric chromosomes [33],
which has been suggested to be an evolutionary means to curb centromere drive [8]. Indeed,
recent results suggest that centromeric proteins do not evolve rapidly in the case of
holocentric plants [34], although this possibility is not fully explored. In another dramatic
example, four independent transitions to holocentricity in insect lineages have been
accompanied by loss of the otherwise essential CenH3 protein [35]. Trypanosomes also lack
CenH3 [36,37]; it remains unclear whether these centromeres represents an ancestral
CenH3-less state or whether they secondarily lost CenH3 like holocentric insects.

Other dramatic changes in kinetochore proteins still defy explanation. For instance, the
Dam1 outer kinetochore protein complex of budding yeast and the Ska complex in humans
may carry out analogous functions in linking kinetochores to spindle microtubules. A recent
phylogenomic analysis made a strong case for multiple, independent replacements of the
ancestral Ska complex by the Dam1 complex [38]. However, it is unclear why the Dam1
complex was preferred in some lineages and the Ska complex preferred in others. Other
recent studies revealed that CenH3genes in Drosophila and plants have undergone
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independent duplication events, where they may have subfunctionalized for different
centromeric roles [39,40]. These are only a few examples of the gene loss, duplication, and
evolutionary innovation that are pervasive across the kinetochores of eukaryotes [41].

Future directions

The identification of specific molecular features such as a-tubulin tyrosination, RAN and
CDC42 signaling and greater CENP-A recruitment which help define the asymmetry of the
female meiotic spindle in mouse oocytes will facilitate parallel studies in other model
systems to ascertain whether similar mechanisms are used across animals and plants. Given
the diversity of kinetochore repertoires and the independent evolutionary origins of
asymmetric female meiosis (in plants and animals, for instance), one may not be surprised to
find diversity of mechanisms underlying the cellular basis of the asymmetric spindle and of
centromere drive. Although centromere drive must occur in the first meiotic division, it will
be interesting to assess whether similar determinants of spindle asymmetry underlie drive
that occurs in the second meiotic division in both plants and animals [42,43].
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Highlights
. Cortical CDCA42 signaling leads to asymmetric tyrosination of meiosis |
spindle microtubules.
. Centromeric DNA expansion recruits more CenH3, increases centromere
strength.
. Stronger centromeres achieve a preferential position during meiosis.
. Plant CenH3 ortholog replacements retain functionality, but lack stability.
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Figure 1. The three cellular requirements of centromere drive
In order for centromere drive to occur, three basic requirements must be met. First, the

meiotic I spindle must be asymmetric (dark green vs light green microtubules). Second,
there must be a preferred (winning) orientation that dictates which chromosomes will
segregate to the egg instead of the polar body. In mouse oocytes, chromosomes positioned
toward the center of the oocyte nucleus will end up in the egg while chromosomes
positioned near the oocyte cortex will segregate to the polar body. Third, there must be
centromeric heterozygosity (one homolog has large, orange, centromeres, while the other
three have small black centromeres). Chromosomes drawn here are acrocentric (have their
centromeres on one end) and are paired with one crossover each in late metaphase I. They
segregate to opposite poles in anaphase I. DNA is in shades of grey.
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The Ml spindle is initially symmetric The MI spindle migrates to the cortex. CDC42 signalling induces preferential
and in the center of the oocyte. RAN signalling from chromosomes tyrosination of microtubules close to the cortex
induces CDC42 signalling at the cortex. rendering the spindle asymmetric.

Dominant negative CDC42 prevents Optogenetic targeting of CDC42 to one Dominant negative RAN prevents
cortex polarization and asymmetric spindle pole induces asymmetric cortex polarization and asymmetric
spindle formation. spindle formation. spindle formation.

Figure 2. Steps to spindle polarization in mouse oocyte meiosis |
(a) The meiotic I (MI) spindle is initially symmetric and is located in the center of the

oocyte (i). The spindle migrates toward the cell cortex where a RAN-GTP gradient (light
blue) emanates from the chromosomes and induces CDC42 signaling (dark blue), creating a
polarized cortex (ii). CDC42 signaling from the polarized cortex induces tyrosination of a-
tubulin (light green microtubules) on the side of the spindle closest to the cortex. The
microtubules emanating from the spindle pole oriented toward the center of the oocyte
remain primarily de-tyrosinated (dark green microtubules) (iii). (b) Global expression of a
dominant negative CDC42 (grey diamonds) prevents cortex polarization and prevents the Ml
spindle from becoming asymmetrically tyrosinated (note: all microtubules are de-
tyrosinated, dark green). (c) Optogenetic targeting of active CDC42 (dark blue) to one
spindle pole induces asymmetric spindle tyrosination (dark vs. light green microtubules)
even before spindle migration towards the cortex. (d) Global expression of a dominant
negative RAN (grey circles) prevents cortex polarization and prevents the spindle from
becoming asymmetrically tyrosinated.
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Figure 3. How strong centromeres drive
(a) When a chromosome detaches from the meiotic | spindle (highlighted in yellow), it has

equal likelihood of reattaching in the same orientation (b) or opposite orientation (b”) (equal
weight arrows connect (a) to (b) and (a) to (b”). However, a driving centromere is more
likely to detach from the cortical spindle (light green microtubules oriented toward polar
body, thick arrow from (b) to (a) represents higher likelihood) than from the spindle oriented
toward the egg (dark green microtubules, thin arrow from (b”) to (a) represents lower
likelihood).
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Figure 4. Competition between CenH3 orthologs induces aneuploidy in Arabidopsis
A CenH3 null mutant Arabidopsis thaliana plant can be fully rescued by an A. thaliana

CenHa3 transgene (black centromeres) (a) A self cross between pollen and ovules from an A.
thaliana CenH3 transgene plant results in healthy seeds that develop into phenotypically
wild-type, fertile plants. (b) A CenH3 null mutant A. thaliana plant can also be rescued by
an orthologous CenH3 transgene from L. oleraceum (orange centromeres). A self cross
between pollen and ovules from an L. oleraceum CenH3 transgene plant results in healthy
seeds that develop into phenotypically wild-type, fertile plants. (c) However, when pollen
from an A. thaliana CenH3 transgenic plant is crossed to ovules from a L. oleraceum CenH3
transgenic plant, the resulting progeny have high rates of aneuploidy which is entirely
attributable to defects in the maternal, L. oleraceum-CenH3-packaged, genome. Note: all
plants have an A. thaliana genetic background.
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