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Abstract

Exogenous signals induce cells to enter the specialized cell division process of meiosis, which
produces haploid gametes from diploid progenitor cells. Once cells initiate the meiotic divisions, it
is imperative that they complete meiosis. Inappropriate exit from meiosis and entrance into mitosis
can create polyploid cells and can lead to germline tumors. S. cerevisiae cells enter meiosis when
starved of nutrients but can return to mitosis if provided nutrient-rich medium before a defined
commitment point. Once past the meiotic commitment point in prometaphase 1, cells stay
committed to meiosis even in the presence of a mitosis-inducing signal. Recent research
investigated the maintenance of meiotic commitment in budding yeast and found that two
checkpoints that do not normally function in meiosis I, the DNA damage checkpoint and the
spindle position checkpoint, have crucial functions in maintaining meiotic commitment. Here, we
review these findings and discuss how the mitosis-inducing signal of nutrient-rich medium could
activate these two checkpoints in meiosis to prevent inappropriate meiotic exit.

Keywords

meiosis; mitosis; return-to-growth; RTG; spindle position checkpoint; DNA damage checkpoint;
meiotic commitment

Introduction

During sexual reproduction, exogenous signals induce cells to exit mitosis and initiate
meiosis, a specialized cell division process in which two rounds of chromosome segregation
follow one round of DNA replication to produce haploid gametes. Although the meiosis-
inducing signal differs among organisms, the cell-cycle regulation of meiosis is highly
conserved (Kimble 2011, Page and Orr-Weaver 1997). How cells integrate external signals
with intrinsic cell-cycle control networks is an active area of research and is important for
understanding how cells ensure the fidelity of meiosis.

Many organisms including yeast, flies, worms, frogs, mice, and humans have key transition
points at the end of prophase I, just before entering into the meiotic divisions, which are
regulated by exogenous signals (Kimble 2011, Nebreda and Ferby 2000, Page and Orr-
Weaver 1997). During prophase I, homologous chromosomes pair, undergo programmed
double-strand breaks, assemble synaptonemal complex, and initiate repair of double-strand
breaks off their homolog to form crossovers (Subramanian and Hochwagen 2014). These
events prepare chromosomes for proper segregation in meiosis I. To exit prophase I, a cell
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must satisfy a network of checkpoints that ensure that DNA damage is repaired before
entering into the meiotic divisions. In addition, meiotic cells often require exogenous signals
to initiate meiotic divisions. For example, mouse and human oocytes need hormone
stimulation to exit prophase | and undergo meiosis | (Nebreda and Ferby 2000, Page and
Orr-Weaver 1997). In C. elegans oogenesis, prophase | progression is coupled with
nutritional status, such that oogenesis stalls in the absence of food, which inactivates insulin-
like signaling pathways (Lopez, et al. 2013). In the presence of food, prophase | and
oogenesis progress. Budding yeast also respond to nutritional status as a signal for meiotic
initiation and progression. However, in contrast to C. elegans, budding yeast undergo
meiosis when starved, as a survival mechanism (Neiman 2011). The starvation response
induces sporulation, a process coupling meiosis with the cellular differentiation process of
spore formation. The spores can survive harsh environmental conditions and then germinate
when nutrients return.

Budding yeast cells require the continued presence of the starvation signal until passing a
defined meiotic commitment point in prometaphase 1. Interestingly, if provided nutrient-rich
medium before the commitment point, budding yeast cells have the unique ability to exit
meiosis and return to vegetative divisions in a process called return-to-growth (RTG; Figure
1) (Ganesan, et al. 1958, Sherman and Roman 1963, Simchen, et al. 1972, Winter 2012).
Cells undergo RTG even from prophase I, a stage in which many meiosis-specific events
have occurred. With the introduction of nutrient-rich medium, cells in prophase | exit
meiosis, disassemble their synaptonemal complex, repair joint molecules as crossovers or
noncrossovers, and undergo a mitotic division in which sister chromatids separate (Dayani,
et al. 2011, Laureau, et al. 2016, Winter 2012). The G2/M checkpoint protein Swel
safeguards RTG by ensuring that cells form a bud before undergoing chromosome
segregation (Gihana, et al. 2018, Tsuchiya and Lacefield 2013).

After passing through the commitment point in mid-prometaphase I, cells become
committed and no longer exit meiosis when challenged with nutrient-rich medium
(Tsuchiya, et al. 2014). These cells will complete meiosis and form spores. Assessment of
transcriptional profiles showed that cells both before and after meiotic commitment changed
their gene expression profiles in response to the addition of nutrients (Friedlander, et al.
2006). Therefore, committed cells are responsive to the nutrient shift, but the metabolic
responses in uncommitted and committed cells are different. Surprisingly, both uncommitted
and committed cells down-regulated the expression of sporulation-induced genes. These
results suggest that committed cells likely have enough protein product to finish meiosis and
form spores.

The middle meiosis transcription factor Ndt80 induces genes needed for the meiotic
divisions and spore formation, and is required for meiotic commitment (Winter 2012). A
positive feedback loop, in which Ndt80 can bind to elements within its own promoter, leads
to a burst of Ndt80 activity and a strong up-regulation of Ndt80-transcribed genes. This burst
of expression is likely important for producing enough gene product for meiotic
commitment. Ablation of this positive feedback loop by mutating the elements within the
promoter that Ndt80 binds resulted in cells that fail to commit to meiosis (Tsuchiya, et al.
2014). With addition of nutrient-rich medium, these cells return to mitosis from stages
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beyond prometaphase I, creating multi-nucleate polyploid cells. Therefore, a failure to
maintain meiotic commitment can be dangerous to the cell.

The molecular mechanisms underlying commitment are poorly understood. Recently, we
investigated the role of cell-cycle checkpoints in regulating meiotic commitment (Ballew
and Lacefield 2019). Because checkpoints establish dependencies between cell cycle events,
we hypothesized that checkpoints could be important for coupling meiotic commitment with
meiotic progression (Ballew and Lacefield 2019, Hartwell and Weinert 1989). Here, we
discuss our findings that the canonical DNA damage checkpoint together with the spindle
position checkpoint maintain meiotic commitment. Interestingly, both of these checkpoints
do not normally function in meiosis I. Therefore, we further discuss how the addition of
nutrient-rich medium alters their activity to ensure that cells remain committed to meiosis.

The Canonical DNA Damage Checkpoint in Meiosis

In prophase | of meiosis, DNA damage is monitored by several checkpoints, collectively
called the meiotic checkpoint network (Subramanian and Hochwagen 2014, Tsubouchi, et
al. 2018). This checkpoint network was thought to prevent cells with any remaining
programmed double-strand breaks from entering into the meiotic divisions by inhibiting
Ndt80. Without active Ndt80, the cells remain in prophase I until damage is repaired.
However, our analysis shows that cells can exit prophase | with residual damage. Using
time-lapse microscopy of meiosis, we monitored Rad52-GFP, a protein that marks double-
strand breaks in the process of repair. Approximately 40% of cells exit prophase | with
Rad52-GFP foci and most of those foci persist into the meiotic divisions (Ballew and
Lacefield 2019). The foci were dependent on Spol1, the enzyme that makes programmed
double-strand breaks. Therefore, cells can exit prophase | and enter the meiotic divisions
with unrepaired double-strand breaks.

Once meiotic cells exit prophase I, there is not another DNA damage checkpoint before the
first meiotic division. In mitosis, a highly-conserved DNA damage checkpoint monitors
lesions and arrests the cell cycle in metaphase to ensure that breaks are repaired before the
onset of anaphase (MacQueen and Hochwagen 2011). The sensor kinases Mec1 and Tell,
ATR and ATM homologs, bind to the lesion and activate effector kinases Rad53 and Chk1
(Nyberg, et al. 2002). Both effector kinases prevent the destruction of securin, an inhibitor of
separase, blocking chromosome segregation (Agarwal, et al. 2003, Cohen-Fix and Koshland
1997, Nyberg, et al. 2002, Sanchez, et al. 1999, Wang, et al. 2001). Rad53 also inhibits
cyclin-dependent kinase (CDK) and the mitotic exit network (Agarwal, et al. 2003, Hu, et al.
2001, Palou, et al. 2015, Palou, et al. 2017). However, the canonical DNA damage
checkpoint does not delay cells in meiosis | (Cartagena-Lirola, et al. 2008, Lydall, et al.
1996). Previous work demonstrated that with the introduction of a DNA damaging agent, the
DNA damage checkpoint did not cause a meiosis | delay, but did cause a meiosis Il delay
(Cartagena-Lirola, et al. 2008). Similarly, we found that the cells with persistent Rad52-GFP
foci did not have a delay in meiosis | but did have a delay in meiosis 11 (Ballew and
Lacefield 2019). Therefore, cells with persistent DNA damage undergo a round of
chromosome segregation before delaying the cell cycle for repair.
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The current model in the field is that the DNA damage checkpoint is kept inactive in meiosis
I through the activity of protein phosphatase 4 (PP4), a phosphatase whose activity is
required to promote crossover repair and centromere pairing in prophase | (Falk, et al. 2010).
PP4 removes phosphorylation on several key proteins involved in the DNA damage response
(Keogh, et al. 2006, Lee, et al. 2010, O’Neill, et al. 2007). One substrate of PP4 is the
checkpoint kinase Rad53, whose phosphorylation is essential for checkpoint signaling
(Nyberg, et al. 2002, O’Neill, et al. 2007, Sanchez, et al. 1999). By keeping Rad53
unphosphorylated, it is inactive and does not propagate a checkpoint signal.

To our surprise, we found that the addition of nutrient-rich medium allowed committed cells
with DNA damage to activate the DNA damage checkpoint and delay cells at metaphase |
instead of waiting until metaphase Il (Ballew and Lacefield 2019). A comparison of cells
with and without Rad52-GFP foci showed that cells with persistent Rad52-GFP were slower
to undergo anaphase | than cells without Rad52-GFP. This delay was dependent on Mecl.

How does the addition of nutrient-rich medium lead to the activation of the canonical DNA
damage checkpoint in meiosis 1? We propose that the addition of nutrients in meiosis I leads
to cellular changes that allow the activation of the DNA damage checkpoint when DNA
breaks are present. Previous work from mitosis has shown that the addition of glucose and a
DNA damaging agent leads to the Mec1/Tel1l-dependent increased phosphorylation of
Mms21, a SUMO ligase involved in switching from respiration to fermentation in the
presence of DNA damage (Simpson-Lavy, et al. 2015). These results suggest that Mec1/Tell
activity can be enhanced with the addition of both glucose and DNA damage, at least
towards some substrates. In addition, the protein kinase A (PKA) pathway crosstalks with
the DNA damage checkpoint pathway to restrain anaphase onset in the presence of DNA
damage (Searle, et al. 2004, Searle, et al. 2011). Mec1 activity leads to PKA
phosphorylation. PKA activation also requires cCAMP, a small molecule whose transient
increase is regulated by the Ras pathway, a glucose-induced signaling pathway (Broach
2012). Inactive PKA forms a tetramer with two catalytic subunits and two inhibitory
regulatory subunits. CAMP binds the inhibitory regulatory subunits, releasing the active
catalytic subunits. The combined activity of cAMP and Mec1 is thought to activate PKA
specifically during the DNA damage response to phosphorylate Cdc20, a co-activator of the
anaphase promoting complex (APC/C) (Searle, et al. 2004, Searle, et al. 2011). Normally the
APC/C, a ubiquitin ligase, targets proteins for ubiquitination and subsequent proteasomal
degradation to promote the transition from metaphase to anaphase. The phosphorylation of
Cdc20 restrains APC/C activity to prevent anaphase onset.

We propose that the addition of nutrient-rich medium to committed cells activates the PKA
pathway to restrain anaphase onset in the presence of DNA damage. The nutrient-rich
medium that contains glucose likely increases CAMP in the cell through the Ras pathway.
DNA damage activates Mec1, which phosphorylates PKA, and this phosphorylation together
with cAMP binding to the regulatory subunits leads to activated PKA. PKA then
phosphorylates Cdc20 and prevents APC/C activity to allow additional time for DNA
damage repair.
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The DNA Damage Checkpoint and The Spindle Position Checkpoint are
Needed for Meiotic Commitment

We initially investigated the role of the DNA damage checkpoint in meiotic commitment due
to its role in establishing dependencies between cell cycle processes (Ballew and Lacefield
2019). We first deleted the checkpoint protein MECI, and because MECI is essential, we
also deleted SML 1, which suppresses the lethality (Weinert, et al. 1994, Zhao, et al. 1998).
Our studies revealed an unexpected phenotype: a proportion of mecIA sml1A cells in
prometaphase | failed to stay committed to meiosis (Ballew and Lacefield 2019). Instead,
these cells rapidly underwent anaphase I, and then budded. Some cells exited meiosis after
anaphase | and some exited after metaphase Il. Similarly, loss of RAD53and SML 1 also led
to a similar percentage of cells that underwent anaphase | and then budded, losing meiotic
commitment with addition of nutrient-rich medium in prometaphase I. This phenotype was
not the consequence of loss of SML 1 because sm/1A cells did not lose meiotic commitment.
Furthermore, we used a technique called anchor-away to deplete Mec1 from the nucleus just
before nutrient-rich medium addition (Ballew and Lacefield 2019, Haruki, et al. 2008). With
Mec1 nuclear depletion, cells also displayed an uncommitted phenotype, indicating that cells
needed Mec1 at the time of commitment (Ballew and Lacefield 2019). Significantly, these
phenotypes only occur when nutrient-rich medium is added to cells that are in mid-
prometaphase I, coinciding with the commitment point. The results suggest that a DNA
damage checkpoint delay at the commitment point prevents cells from inappropriately
exiting meiosis.

We further analyzed why some cells that lack the DNA damage checkpoint exited meiosis |
and some cells continued through meiosis | but exited in meiosis Il. We hypothesized that
another checkpoint might keep some cells from escaping meiosis I. The cells that exited
meiosis after anaphase | did not become multi-nucleate. Instead, they underwent anaphase |,
budded, and repositioned one nucleus into the daughter cell. This phenotype is reminiscent
of mitotic cells with mis-positioned spindles. In mitosis, the spindle position checkpoint
ensures cells with mis-positioned spindles do not exit mitosis until the proper positioning of
one spindle pole body into the bud. The checkpoint serves as a mechanism to inhibit the
mitotic exit network, a signaling cascade that promotes spindle disassembly and cytokinesis
(Botchkarev and Haber 2018, Scarfone and Piatti 2015). According to the current model, the
zone model, the inhibitory proteins are present in the mother, but the bud provides an
activating zone (Chan and Amon 2010, Falk, et al. 2016). Once signaling molecules on the
spindle pole body enter the bud, they are no longer inhibited by spindle position checkpoint
components. Instead, activating signals in the bud lead to activation of the mitotic exit
network and cells exit mitosis. Although the spindle position checkpoint does not function in
meiosis I, in which there is no bud and no activation of the mitotic exit network (Attner and
Amon 2012, Kamieniecki, et al. 2005), we hypothesized that both the spindle position
checkpoint components and the mitotic exit network became active with the mitosis-
inducing signal of nutrient-rich medium addition.

To our surprise, loss of both the spindle position checkpoint as well as the DNA damage
checkpoint caused a commitment defect: approximately 30% of raad53A smi1A bub2A cells
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failed to stay committed to meiosis with nutrient addition in metaphase | or anaphase |
(Ballew and Lacefield 2019). These cells finished meiosis I, and then exited meiosis and
budded at metaphase 11. In the next mitotic division, the mother cell contained two nuclei
and divided both nuclei, creating a multi-nucleate mother cell. Similarly, deletion of other
components of the spindle position checkpoint, such as KIN4 and BFAL, also led to a loss of
commitment in rad53A smi1A cells. Loss of either checkpoint individually did not have a
significant effect on commitment in metaphase | and anaphase |, suggesting that both
checkpoints function somewhat redundantly to maintain commitment.

It is currently unclear how the addition of nutrient-rich medium leads to spindle position
checkpoint activity. In normal meiosis, cells do not activate the mitotic exit network at the
end of anaphase | (Attner and Amon 2012, Kamieniecki, et al. 2005). Therefore, the role of
the spindle position checkpoint to inhibit the mitotic exit network is not needed. Our results
suggest that the mitotic exit network can become active in meiosis with nutrient-rich
medium addition and the spindle position checkpoint components are required to prevent
cells from undergoing an inappropriate exit from meiosis when the DNA damage checkpoint
is not functional.

Overall, our results demonstrate that two checkpoints that do not normally function in
meiosis | are crucial for meiotic commitment. These results further define the requirements
for meiotic commitment. We previously showed that high levels of Ndt80, through activation
of a positive feedback loop, are essential for meiotic commitment (Tsuchiya, et al. 2014).
We propose that Ndt80 is important for commitment by turning on genes required for the
meiotic divisions and promoting meiotic progression. In contrast, the DNA damage
checkpoint and the spindle position checkpoint together are important for meiotic
commitment by preventing meiotic exit and entrance into mitosis. Normally, the two
checkpoints are not active during meiosis I; however, in the presence of nutrients, they
become essential. The presence of a mitosis-inducing signal likely activates the DNA
damage checkpoint and the mitotic exit network and therefore, loss of both checkpoints
leads to a failure of cells to stay committed to meiosis. Instead, they inappropriately exit
meiosis after undergoing anaphase I, leading to polyploid cells. Furthermore, our work
provides a mechanism for the maintenance of meiotic commitment: the checkpoints block
cells from an inappropriate exit from meiosis | or meiosis Il which keeps them in the meiotic
program.
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Figure 1: Cartoon of meiosis and Return-to-growth.
Cells become committed to meiosis in prometaphase I. With nutrient-rich medium addition

before commitment, cells will exit meiosis and return to mitosis. Once cells pass the
commitment point, they will stay in meiosis, even with the addition of nutrient-rich medium.

Curr Genet. Author manuscript; available in PMC 2020 November 11.



	Abstract
	Introduction
	The Canonical DNA Damage Checkpoint in Meiosis
	The DNA Damage Checkpoint and The Spindle Position Checkpoint are Needed for Meiotic Commitment
	References
	Figure 1:

