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Better sate than sorry—preventing mitotic
segregation of meiotic chromosomes
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The distinctive segregation patterns of chromosomes in
mitosis and meiosis are dictated in part by the kineto-
chores, the structures on chromosomes that attach them
to the microtubules of the spindle. Inappropriate mito-
sis-like chromosome segregation in meiosis leads to
gametes with incorrect chromosome numbers. New
findings by Chen and colleagues (pp. 209-225) in this
issue of Genes & Development reveal how cells restruc-
ture their kinetochores when they enter meiosis. Their
results describe an interconnected set of mechanisms
that provides multiple layers of protection from the carry-
over of mitotic chromosome segregation patterns into
meiotic cells.

Mitosis and meiosis are both designed to segregate chro-
mosomes away from their partners, but the partners are
different (Fig. 1A). In mitosis, sister chromatids segregate
to opposite poles of the spindle. In contrast, in the
first meiotic division, it is homologous chromosomes
that segregate, while the centromeres of sister chromatids
remain together until they separate in meiosis II. The
abnormal segregation of chromosomes in a mitosis-like
pattern in meiosis results in gametes with incorrect
chromosome numbers, which in turn leads to aneuploid
progeny (Fig. 1B). To avoid this costly error, cells that are
entering meiosis must be reprogrammed, because in prior
divisions they segregated their chromosomes in a mitotic
pattern.

How is this accomplished? Chen et al. (2020) build on
their prior studies, as well as work from other laboratories,
to illuminate a collection of mechanisms that provides
layers of protection against mitotic-like chromosome seg-
regation behavior occurring in meiosis. In yeast cells going
through mitotic cycles, the chromosomes are attached al-
most constantly via their kinetochores (structures com-
posed of >60 proteins that reside at the centromeres)
to microtubules that emanate from the microtubule-orga-
nizing centers (called spindle pole bodies in yeast) (Fig.
1A). The kinetochores only release the microtubules
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briefly when the chromosomes are being replicated.
When S phase is complete, the replicated sister chromatids
are tethered together by cohesins and are immediately
ready to segregate on a newly formed spindle.

Meiosis is a different story; here, chromosomes are not
at all ready for segregation after DNA replication is com-
plete. Instead, the pairs of sister chromatids must identify
their homologous partners, pair with their homolog, and
become tethered by chiasmata. This all occurs during a
lengthy meiotic prophase (Fig. 1A). As cells exit meiotic
prophase, they add meiosis-specific proteins (monopolins
in budding yeast) (T6th et al. 2000) to the sister chromatid
kinetochores. This allows the sister kinetochores to share
a single attachment point for microtubules. If the sister
chromatids were to become connected to microtubules
and begin segregating in prophase, before homologous
chromosomes became tethered, then sister chromatids
—not homologous partners—could separate in the first
meiotic division. This catastrophic outcome is prevented
by a collection of fail-safe mechanisms.

As a first line of defense in meiotic cells, Ipll (Aurora B)
kinase, which plays key roles in mitotic regulation, blocks
meiotic spindle formation during prophase (Fig. 1A; Shirk
et al. 2011; Kim et al. 2013). This reduces the chance that
sister chromatids will interact precociously with microtu-
bules that could begin segregating them prematurely. Asa
second line of defense, expression of the outer kinetochore
NDCS80 gene is diminished in meiotic prophase and only
turns on after homolog partners are paired (Brar et al.
2012; Miller et al. 2012). Ndc80 is part of a four-protein
subcomplex (the NDC80 complex) at the outer kineto-
chore. The Ndc80 protein itself is the component of the
kinetochore that directly connects to the microtubule
(Fig. 1C). This repression is accomplished via a newly dis-
covered meiotic transcriptional regulatory mechanism. In
prophase, a long undecoded transcript isoform (LUTI) of
the NDC80 gene is expressed. This NDC80“Y™ transcript
interferes with the expression of the canonical NDC80
transcript (Chen et al. 2017; Cheng et al. 2018).
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Figure 1. Kinetochore behavior in meiosis. (A) Chromosome seg-
regation patterns in mitosis and meiosis I. Meiotic cells feature an
extended prophase to allow homologous partners to become joined
by chiasmata. (B) Inappropriate mitotic-like segregation of sister
chromatids in meiosis I. (C) Phosphorylation of Ndc80 by Aurora
B kinase promotes restructuring of kinetochores in meiosis.

What of the Ndc80 protein that is present on the kinet-
ochores when cells enter meiosis? The Ndc80 complex is
removed from kinetochores when cells enter meiosis by a
mechanism that requires Ipll, and levels of Ndc80 are
sharply reduced when cells enter meiosis (Asakawa
et al. 2005; Meyer et al. 2013, 2015). Ectopic expression
of Ndc80 in meiotic prophase causes chromosome misse-
gregation (Miller et al. 2012; Chen et al. 2017), so this re-
moval of Ndc80 is critical. The new work by Chen et al.
(2020) reveals how the cell protects itself from missegrega-
tion by removing Ndc80 from kinetochores. First, they
found that when cells enter meiotic prophase, the
Ndc80 subunit is phosphorylated along its N terminus
by Ipll (Fig. 1C). Interestingly, in many species, this con-
served part of Ndc80 is critical for its binding to microtu-
bules, and its phosphorylation by Aurora B allows Ndc80
to release inappropriate microtubule connections. Sec-
ond, they found that phosphorylation of the Ndc80
N-terminal tail promotes the release of the kinetochores
from microtubules as cells enter meiosis and the chromo-
somes begin identifying their homologous partners.
Remarkably, as an added level of protection, Chen et al.
(2020) discovered that, in meiosis, the phosphorylation
of Ndc80 results in targeted degradation of Ndc80. This
degradation is specific to meiotic prophase; when ex-
pressed in metaphase I, the Ndc80 protein is stable.

The degradation of the phosphorylated Ndc80 was
shown to be dependent on the meiosis-specific ana-
phase-promoting complex (APC) activator Amal. The
APC ubiquitinates proteins, targeting them for proteolyt-
ic degradation. Reversing these protective measures is
necessary to assemble a new meiotic kinetochore. When
the homologous partners are tethered by chiasmata and
ready to segregate, increasing cyclin-dependent kinase
levels allow increased Ndc80 expression (use of the non-
LUTI promoter) and increased Ndc80 stability (through
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reduced Amal activity). The rise in Ndc80 levels, con-
comitant with the expression of monopolin components,
allows the assembly of new meiotic-specific outer kineto-
chores on the paired homologous partners.

Together, these studies illustrate that budding yeast has
developed a quadruple safety system—preventing pro-
phase spindle formation, reducing NDC80 expression in
prophase, shedding of Ndc80 from the prophase kineto-
chores, and degradation of Ndc80 phosphorylated in
prophase—to prevent mitotic-like segregation of chromo-
somes meiosis L.
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