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Abstract

Gametogenesis is a conserved developmental program whereby a diploid
progenitor cell differentiates into haploid gametes, the precursors for sex-
ually reproducing organisms. In addition to ploidy reduction and extensive
organelle remodeling, gametogenesis naturally rejuvenates the ensuing ga-
metes, leading to resetting of life span. Excitingly, ectopic expression of the
gametogenesis-specific transcription factor Ndt80 is sufficient to extend life
span in mitotically dividing budding yeast, suggesting that meiotic rejuve-
nation pathways can be repurposed outside of their natural context. In this
review, we highlight recent studies of gametogenesis that provide emerging
insight into natural quality control, organelle remodeling, and rejuvenation
strategies that exist within a cell. These include selective inheritance, pro-
grammed degradation, and de novo synthesis, all of which are governed by
the meiotic gene expression program entailing many forms of noncanonical
gene regulation. Finally, we highlight critical questions that remain in the
field and provide perspective on the implications of gametogenesis research
on human health span.
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1. INTRODUCTION

For a species to persist, organisms have a biological imperative to create new offspring. Sexual
reproduction is the process by which genetic information is combined from two parental organ-
isms. In metazoans, sexual reproduction relies on the formation of haploid gametes, egg and sperm,
through a highly regulated developmental program called gametogenesis. Although somatic tis-
sues deteriorate with age, the germline—the cell lineage from which gametes are derived—is
pristinely passed from parents to progeny through successive generations (81). The list of fun-
damental pathways that ensure the maintenance of germline fitness amid cellular aging of the
soma continues to grow, and how these events are coordinated remains under investigation.

Gametogenesis involves the coordinated execution of several key events. Pioneering studies
in Saccharomyces cerevisiae have led to the discovery of conserved mechanisms that regulate ho-
mologous recombination and chromosome segregation during gametogenesis (termed sporula-
tion in yeast) (reviewed in 41, 71); however, the distinct morphology of yeast gametes (also called
spores) compared to those of the metazoan egg and sperm has led to the general assumption
that evolutionarily conserved aspects of gametogenesis are restricted to the structural and dy-
namic changes that occur at chromosomes. Recent studies have challenged this viewpoint, reveal-
ing gametogenesis-specific organelle remodeling pathways that share similarities between yeast
and metazoans, which suggests that the conserved aspects of the gametogenesis program extend
beyond chromosome-specific processes (79, 118, 132, 137).

At the cellular level, aging manifests as an accumulation of various hallmarks, many of which
are conserved from yeast to humans (reviewed in 76, 93). As we continue to learn about the molec-
ular factors associated with aging, we are entering an exciting new era where strategies to prevent
or reverse the hallmarks of aging are being developed (reviewed in 20, 96). However, verified
strategies that target these age-related defects remain limited. Gametogenesis is a natural con-
text in which age-associated damage is removed, creating gametes that are born young, regardless
of the precursor’s age. In budding yeast, a p53-related master transcription factor (TF), Ndt80,
drives life span resetting and removal of conserved senescence-associated factors. Excitingly, ec-
topic expression of NDT80 can activate its targets (30) and extend the life span of aging cells (152),
demonstrating that aspects of meiotic rejuvenation can be repurposed to reverse the detrimental
effects of age in a somatic context. This finding also suggests that one or more of the gene expres-
sion subprograms initiated by Ndt80 can counteract cellular damage to help reset the aging clock.
In this review, we examine gametogenesis research that has provided insights into cellular quality
control and rejuvenation. The life cycle of budding yeast provides a uniquely tractable platform
for the investigation of these pathways and thus is the primary focus; however, relevant examples
from metazoans are highlighted where possible.

2. AGING, GAMETOGENESIS, AND REJUVENATION
IN BUDDING YEAST

Budding yeast is an excellent model for studying replicative aging and gametogenesis-based reju-
venation (Figure 1). In this section, we provide a brief overview of the yeast life cycle, highlighting
relevant details for this review. Due to space limitations, we direct the reader to explore thorough
reviews on yeast gametogenesis (112), meiotic chromosome dynamics (41, 71), and asymmetric
division of organelles and age-associated damage in mitosis (35, 69, 156) for further insight into
these topics.

During mitosis, a mother cell produces a bud that inherits a copy of the genome and a subset of
organelles to become a daughter cell. Until a mother cell is extremely old, all its daughters are born
young. This is because several mechanisms exist to prevent senescence-associated factors, damaged
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The Saccharomyces cerevisiae life cycle includes replicative aging and gametogenesis-based rejuvenation. (7op)
During mitotic growth, a mother cell produces a bud that will grow and inherit a copy of the genome and
organelles (not shown) to form a daughter cell. While the daughter cell is born young, the mother cell
accumulates age-associated damage over time (see Figure 2), eventually causing senescence and death after
approximately 25 divisions. (Bottom) Gametogenesis is induced by starvation conditions, which causes a
diploid progenitor cell to undergo two meiotic divisions and differentiate into four haploid gametes. The
meiotic transcription factor Ndt80 signals for the transition from prophase I to meiosis I as well as for the
induction of meiotic rejuvenation pathways. Upon completion of gametogenesis, gamete life span is
completely reset. When nutrients become available, gametes undergo germination, and mating returns the
cell to a diploid state. Interestingly, ectopic expression of the Ndt80 transcription factor (+ Ndt80) has been
shown to revert aging cells to a younger state and extend replicative life span. The centrosomes (termed
spindle pole bodies in yeast) (dark green circles) facilitate spindle formation for chromosome segregation as
well as gamete membrane formation.

Figure 1

proteins, and dysfunctional organelles in the mother cell from being passed on to the daughter
cell (reviewed in 69). Each mother cell has a finite replicative life span and can only produce ap-
proximately 25 daughter cells before senescence and eventual death (107, 135). The contributions
of genomic instability, senescence-associated factors (reviewed in 76), organelle dysfunction (91),
and hypertrophy (77, 114) to aging, senescence, and cell death remain under investigation.

Each time a mother cell produces a daughter cell during mitosis, a chitinous ring called a
bud scar is left behind on its surface (18). Experimentally, bud scars can be fluorescently labeled,
and the number of divisions a mother has undergone, i.e., its replicative age, can be quantified
(122). Although individual cells have a finite life span, mitotic budding yeast can grow indefinitely
as a population since daughter cells continue to be produced. However, under nutrient-limiting
conditions, diploid mother cells undergo gametogenesis, culminating in the resetting of their life
span (152).

Entry into gametogenesis is mediated by the meiotic TF Imel, whose activation is dependent
on the integration of environmental (e.g., nutrient availability and pH) and intrinsic (e.g., ploidy
and respiration competency) cues (reviewed in 112). Following Imel activation, meiotic cells un-
dergo DNA replication concomitantly with the induction of programmed double-strand breaks
(DSBs) and changes in chromosome structure. Repair of DSBs results in the activation of the
Ndt80 TEF, which induces the genes required for two rounds of meiotic divisions, meiosis I and
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meiosis II, as well as for gamete maturation. During meiosis I, homologs separate from each other;
then, in meiosis II, sister chromatids split. The onset of meiosis II also marks the modification of
the centrosomes [called spindle pole bodies (SPBs) in yeast, henceforth referred to as centrosomes
for simplicity] to become membrane-organizing centers in addition to their conventional role as
microtubule-organizing centers. As meiosis II progresses, a double-membrane structure called
the prospore membrane (henceforth referred to as the gamete membrane for simplicity) extends
from the cytoplasmic face of each of the four modified centrosomes to encompass each nuclear
lobe and proximal organelles (110). The growing gamete membrane serves as a border between
cellular material that will or will not be inherited by the gametes. By late meiosis, the gamete
membrane is closed, serving as a foundation for the formation of the spore wall (reviewed in 111).
Each gamete now contains a single copy of the genome as well as a full complement of organelles
(discussed in Sections 3 and 4).

Budding yeast gametes reside inside an ascus sac, which is formed from the plasma membrane
and cell wall of the progenitor cell (reviewed in 111). Detection of nutrients initiates germination,
and gametes of opposite mating types fuse together to produce a zygote (reviewed in 64). The
resulting diploid cell starts the mitotic cell cycle with full replicative potential. Thus, budding
yeast mitosis and meiosis provide natural contexts to study aging and rejuvenation at the cellular
level.

3. TARGETED DEGRADATION OF AGING BIOMARKERS
IN THE NUCLEUS

The nucleus accumulates many forms of age-associated damage. In both yeast and metazoans, ag-
ing leads to genome instability, extrachromosomal circular DNA (ecDNA) formation (36, 86, 133,
157; reviewed in 3), nucleolar defects (17, 106, 134, 146), accumulation of protein aggregates (2,
19, 48, 128; reviewed in 155), decreased integrity of the nuclear envelope, and nucleocytoplasmic
transport defects, which can contribute to age-associated diseases, including neurodegeneration,
cancer, and progeria (28, 33,47, 56,63, 94,125, 161). Thus, gametogenesis must ensure that aging
biomarkers in the nucleus are not inherited by the developing gametes. In this section, we discuss
what is known about the mechanisms that govern the removal of senescence-associated factors
from nuclei.

3.1. Nuclear Remodeling, Degradation, and Formation of the Gametogenesis
Uninherited Nuclear Compartment

The nucleus is encircled by a nuclear envelope, composed of an outer nuclear membrane (ONM)
and an inner nuclear membrane (INM), that surrounds the chromatin and houses nuclear pore
complexes (NPCs; see Section 3.4) that span both membranes (Figure 2). During mitosis and
meiosis, the budding yeast nucleus undergoes closed divisions where the nuclear envelope remains
contiguous (reviewed in 9). During meiosis II, the nucleus is reshaped into four connected lobes,
each containing a single copy of the genome and a single centrosome. After the closure of gamete
membranes, a portion of the nuclear envelope is left outside of the gametes (54, 79, 104). This
gamete-excluded nuclear envelope—bound compartment is called the gametogenesis uninherited
nuclear compartment (GUNC) and is eventually eliminated by mega-autophagy in late meiosis I1
following programmed destruction of the precursor cell’s lysosome (42, 43; reviewed in 80)
(Figure 2; see also Section 4.1). Thus, any protein or organelle that remains associated with the
GUNC is eventually destined for degradation.

Prior to GUNC elimination by mega-autophagy, nucleophagy (also called nuclear autophagy),
mediated by the autophagy receptor Atg39, has also been shown to be active during the meiotic
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Figure 2 (Figure appears on preceding page)

A model of yeast aging and gametogenesis that reflects our current knowledge of organelle segregation,
organelle synthesis, and senescence-associated factor exclusion. As a young cell (upper left) undergoes
successive cellular divisions, several age-associated morphologies accumulate. In the nucleus of an old cell
(upper right), senescence-associated factors such as ecDNA (red) and PAs (yellow) are formed, the nucleolus
(orange) becomes enlarged, and NPCs (blue) in the nuclear envelope cluster and lose permeability. Compared
to the highly acidic young cell lysosome (called the vacuole in yeast; purple), the old cell lysosome loses
acidity and fragments (/ight purple), the mitochondria (pink) depolarize and fragment, and the ER (dark green)
accumulates misfolded proteins. During gametogenesis (following arrows clockwise starting at upper right),
senescence-associated factors are sequestered away from the developing gametes into the GUNC, organelles
are remodeled such that only a fraction are inherited, uninherited material is destroyed upon lysosomal
permeabilization, and de novo synthesis of organelles occurs as gametes mature (lower to middle left).
Together, these pathways converge to fully reset gamete life span. Abbreviations: ecDNA, extrachromosomal
circular DNA; ER, endoplasmic reticulum; GUNC, gametogenesis uninherited nuclear compartment; NPC,
nuclear pore complex; PA, protein aggregate.

program (102, 118). This suggests that selective autophagy may play a role in nuclear quality con-
trol prior to mega-autophagy. Atg39 has recently been shown to mediate nuclear envelope protru-
sion into the cytoplasm, through its associations with both the ONM and INM, culminating in the
formation of nucleus-derived double membrane vesicles that are destined for lysosome-dependent
degradation (103). Whether Atg39 plays an analogous role in gametogenesis is currently unknown.
More generally, future studies aimed at understanding how GUNC formation is regulated, how
macromolecules are targeted to the GUNC, and whether nucleophagy helps degrade portions
of the GUNC will provide insights into what nuclear factors need to be eliminated to promote
gamete health and development.

3.2. Sequestration of Extrachromosomal Circular DNA and Protein Aggregates

In gametogenesis, nuclear aging factors, including protein aggregates (19, 128) (Figure 2)
and ecDNA (36, 133) (Figure 2), are sequestered into the GUNC during meiosis II and are
subsequently eliminated (79). Protein aggregate and ecDNA exclusion occurs at high fidelity
(>99.5%), suggesting that robust mechanisms exist to ensure selective nuclear inheritance by
gametes. It is unclear how ecDNA and protein aggregates are targeted to the GUNC, but
elimination of these senescence-associated factors requires gamete membrane formation (79).
Shaping of the gamete membrane requires the leading edge complex, which maintains the rim
of the gamete membrane as it grows (83, 88, 105), and the removal of this complex at the end
of meiosis II is needed for the closure of gamete membranes (38, 97, 120). In late meiosis II, the
constrained opening of the rim is similar to the constrained bud neck in mitosis, which contains
a septin-mediated diffusion barrier that prevents age-associated damage from being passed to the
daughter cell (22, 31). However, removal of meiosis-specific septins Spr3 and Spr28 (34, 50, 55,
100, 119) or leading edge components has no effect on protein aggregate or NPC sequestration
(79) (see Section 3.4) during gametogenesis. Therefore, it is unclear if the gamete membranes
facilitate diffusion barriers and, if so, what the molecular nature of the barrier is.

Sequestration of ecDNA, including ribosomal DNA (rDNA) circles, suggests that the cell can
distinguish these DNA species from the chromosomes. ecDNA does not contain a centromere
and so will not be bound by spindle microtubules, but how ecDNA is specifically targeted to the
GUNC remains unknown. One hypothesis is that ecDNA sequestration is mediated by NPCs.
ecDNA has been shown to associate with the NPC core (discussed in Section 3.4) through the
SAGA (Spt-Ada-Gen) acetyltransferase) complex in mitosis (36) and is sequestered to the GUNC
at the same time as NPCs in meiosis. However, a direct role for SAGA in ecDNA sequestration
during meiosis has not been observed (see “Author Response Letter” in 79). Thus, future studies
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are required to determine whether NPC tethering through another mechanism plays a role in
ecDNA sequestration to the GUNC.

3.3. Maintaining Nucleolar Homeostasis

The nucleolus is a membraneless organelle that mediates rRNA production, ribosome biogenesis,
and cellular processes affected by aging, including pathways involved in maintaining the genome
and proteostasis. Interestingly, nucleolar size is inversely correlated with longevity where nucleolar
size increases with age (Figure 2) and is reduced in long-lived mutants (145, 146). In yeast, age-
related nucleolar expansion and fragmentation arise due to upregulation of rRNA transcription as
well as the accumulation of ecDNA (36, 133) and nucleolar proteins (106, 134, 152). Furthermore,
many nucleolar proteins are highly prone to aggregation due to their intrinsically disordered re-
gions (121).

During gametogenesis, a portion of the nucleolus is sequestered into the GUNC in meiosis II
(79). The timing of nucleolar sequestration is the same as for sequestration of nuclear senescence-
associated factors (see Section 3.2); however, nucleolar sequestration occurs regardless of the
precursor cell’s age. This suggests that, even in young cell gametogenesis, sequestration of a
proportion of nucleolar proteins to the GUNC is programmed. In contrast to young cells, old
cells exhibit enlarged, fragmented nucleoli, consistent with previous studies (106, 134). During
gametogenesis, the amount of nucleolar material excluded to the GUNC correlates with replica-
tive age of the old precursor cell such that the resulting gametes have similar nucleolar material
to that of gametes produced by a young precursor (79). Taken together, this suggests that the
cell can accurately regulate the amount of nucleolar material targeted to the GUNC, ensuring
that the appropriate amount of nucleolar content is inherited by each gamete. Whether different
ratios of nucleolar components are targeted to the GUNC to balance nucleolar composition, as
in mitosis (59), will be important to determine in future studies.

3.4. Modular Segregation of Nuclear Pore Complexes

NPCs are conserved supramolecular structures that are embedded in the nuclear envelope and
mediate nucleocytoplasmic transport. Composed of over 30 different subunits in multiple copies,
NPCs contain multiple structural elements, including the NPC core, which spans the nuclear
envelope, and the nuclear basket that interacts with chromatin (reviewed in 6). Some of these
NPC subunits (also called nucleoporins) are among the most long-lived proteins in eukaryotic
cells and are thereby subject to the gradual accumulation of age-associated damage (147). In yeast,
worms, and mammals, aging causes NPCs to cluster together and become leaky as they fail to
maintain a nuclear-cytoplasmic permeability barrier (33, 94, 125, 131, 147).

During meiosis II, NPCs are sequestered into the GUNC regardless of the age of the progen-
itor cell (Figure 2). Surprisingly, before gamete membrane closure, subunits of the nuclear basket
return to the gametes while the subunits of the NPC core remain associated with the GUNC and
are subsequently degraded (79). How and why the nuclear basket is inherited is unclear (reviewed
in 80). It is possible that nuclear basket inheritance occurs as a result of chromatin organization
and/or posttranslational modifications (reviewed in 124). The returning nuclear basket structures
could facilitate the assembly of new NPCs in the gametes (101). Consistently, studies in human
cells show that subassemblies of the NPC are retained in the endoplasmic reticulum (ER) during
open mitosis for subsequent NPC reassembly. In late anaphase, the ER initiates nuclear envelope
formation, and the NPC subassemblies become nucleation sites for new NPC formation (29).
Thus, modular NPC segregation could play a role in NPC assembly and function in different
contexts.
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Interestingly, a similar sequestration and exclusion event occurs with NPCs during metazoan
spermatogenesis. In insects and mice, NPC exclusion occurs coincident with the development
of the acrosome, a structure external to the nucleus that may be acting analogously to the yeast
gamete membranes (51, 70, 150). Therefore, the similarity in phenotype across such diverse evo-
lutionary lineages suggests an ancestral need to reorganize the nucleus and NPCs during meiosis,
perhaps for gamete rejuvenation.

4. ORGANELLE QUALITY CONTROL PATHWAYS

Gametes inherit a copy of the genome and a complete set of organelles that are required for ga-
mete development. During both mitosis and meiosis, chromosome segregation is largely mediated
by centrosomes and spindle microtubules; however, the mechanisms that govern organelle inheri-
tance are rather divergent. In mitosis, cytoplasmic organelles are transported between the mother
cell and the budding daughter cell by myosin motor proteins on polarized actin filaments (re-
viewed in 13, 69). By contrast, a polarized network of actin is not required in meiosis (143); thus,
alternative mechanisms must exist to ensure that each gamete acquires the complete complement
of cytoplasmic organelles from the precursor cell.

Gametes inherit approximately 30% of the progenitor cell’s cytoplasm, including portions of
most organelles (14, 79, 118, 132, 137). Since gamete membrane formation provides a proximity-
based inheritance mechanism, relocalization of organelles to the developing gamete nuclei could
be one potential mechanism promoting inheritance of select organelles. Conversely, localization
of organelles to the cell periphery or toward the GUNC may act to promote their exclusion and
degradation. In this section, we will discuss the nuances of global organelle remodeling that occurs
during gametogenesis.

4.1. Lysosome Reacidification

The yeast lysosome-like vacuole (henceforth referred to as the lysosome for simplicity) facilitates
the degradation and recycling of cellular materials. As cells age, the lysosome loses acidity and be-
comes fragmented, which decreases degradation efficiency, disrupts proteostasis, and diminishes
the bioavailable pool of iron within the cell, leading to mitochondrial perturbations (65, 74, 75;
reviewed in 5) (Figure 2). During gametogenesis, the gamete membrane acts as a barrier between
cellular contents that will and will not be inherited by the developing gametes. After gamete mem-
brane closure, all uninherited contents, including the GUNC, are degraded by mega-autophagy.
This event is mediated by the release of hydrolases upon programmed permeabilization of the
lysosome within the progenitor cell (called vacuolar lysis in yeast) (42, 43). Although the nature
of the cue(s) that trigger lysosomal membrane permeabilization is unknown, the timing is precise
and relies on the expression of NDT80 (42). Furthermore, global degradation of uninherited ma-
terial is critical for gamete formation, and the degraded products might provide building blocks
for gametes as they continue to mature and eventually germinate.

Each gamete forms its lysosome de novo (42, 126, 137). Although this seems energetically
unfavorable, de novo synthesis provides an opportunity to create a fully rejuvenated lysosome.
In worms (Caenorbabditis elegans), the lysosome is not destroyed but instead is reacidified during
oocyte maturation (10, 129). Signaling from proximal sperm cells triggers the expression and as-
sembly of vacuolar-type ATPase (V-ATPase) protein pumps in the lysosome membrane of the
maturing oocytes prior to fertilization. This in turn signals for protein aggregate clearance by
microautophagy (10, 62). Thus, lysosome-mediated degradation of age-associated damage seems
to be conserved, and gametogenesis reacidifies the lysosome by at least two known mechanisms:
increased V-ATPase assembly and/or de novo synthesis.
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4.2. Remodeling of the Mitochondrial Network

Mitochondria play a crucial role in a plethora of cellular processes, including the production of
energy through central metabolism and the production of protein cofactors such as heme and
iron-sulfur clusters. In budding yeast, mitochondria exist as an interconnected tubular network
that contains approximately 10—20 mitochondrial genomes [mitochondrial DNA (mtDNA)] (95).
In mitotically dividing cells, mitochondria are tethered to the cell periphery via the mitochondria-
ER-cortex anchor (MECA) (82, 87) complex but also communicate with multiple organelles in the
cell. For example, the ER-mitochondrial encounter structure (ERMES) complex is important for
phospholipid transfer between the ER and mitochondria (reviewed in 85). Furthermore, a nuclear-
mitochondrial tether called Cnm1 has recently been discovered and is important for phospholipid
homeostasis (46).

As yeast cells age, the mitochondrial network becomes fragmented with more oxidizing re-
dox potential and higher superoxide levels compared to mitochondria in daughter cells (74, 89,
99). Elevated reactive oxygen species (ROS) could damage mtDNA, protein, and lipids, thereby
contributing to cellular aging (reviewed in 11). During gametogenesis, only about half of the mi-
tochondria from a young progenitor cell are inherited by the four haploid gametes (14). Efficient
mitochondrial segregation partially relies on the meiosis-specific septins and the leading edge
component Ady3; however, when ADY3 and the septin-organizing gene GIPI are deleted, ap-
proximately 20% of gametes are still able to inherit mitochondria (137), suggesting that alternative
mechanisms for mitochondrial segregation exist.

At the onset of meiosis II, meiotic kinase Ime2 promotes the degradation of MECA subunits,
resulting in the detachment of mitochondria from the cell periphery and mitochondrial collapse
toward the dividing nuclei (132) (Figure 2). As the gamete membrane forms, mitochondria that
are associated with the developing gamete nuclei are enveloped and inherited by the developing
gametes. In parallel, a subset of mitochondria is excluded from the developing gametes (132), pre-
sumably by interacting with the GUNC (79). This pool of mitochondria is eventually destroyed
by mega-autophagy (42, 43). The molecular nature of tether(s) that mediate meiosis-specific lo-
calization of mitochondria (e.g., gamete nuclear envelope—associated versus GUNC-associated)
is currently unknown, but Cnm1 (46) is an attractive candidate to investigate further.

The separation of mitochondria into inherited and discarded pools during meiosis raises the
intriguing possibility that the cell can distinguish and sort dysfunctional and healthy mitochondria,
similar to mitosis (68, 99). Consistent with this notion, several studies have identified measurable
differences between inherited and discarded mitochondrial populations: (#) In mouse oogene-
sis, mitochondria containing mutations that disrupt oxidative phosphorylation are not inherited
by the developing egg (49, 136); (¥) in fly oogenesis, mitochondrial fragmentation isolates mito-
chondrial genomes and allows for mitochondrial selection based on adenosine triphosphate (ATP)
production (92); and (¢) in grasshopper (Thermobia domestica) oogenesis, either mitochondria with
abnormal morphology are eliminated from the Balbiani body, which delivers organelles to germ
cells that will develop into eggs, or germ cells that receive abnormal mitochondria are eliminated
by apoptosis (151). Further studies are required to determine if membrane polarity differences,
mtDNA mutation, morphological defects, and/or other cues are responsible for mitochondrial
exclusion from developing gametes.

4.3. Compartmentalization and Targeted Degradation of the Cortical
Endoplasmic Reticulum

The ER is a highly structured organelle that is dynamically remodeled in response to cellular de-
mand and mediates a wide range of functions, including protein synthesis, lipid metabolism, and
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interorganelle communication. As cells age, the ER gradually loses its ability to clear unfolded
proteins, causing the accumulation of misfolded proteins (reviewed in 53). Historically, two re-
gions of the ER have been distinguished: (#) the cortical ER, which is localized around the cell
periphery, and (b) the perinuclear ER, which is indistinguishable from the nuclear envelope in
yeast (123, 127). Quality control pathways involving the nuclear envelope are therefore applicable
to the perinuclear ER and are discussed in Section 3.1.

Like the mitochondrial network, the cortical ER undergoes Ndt80-dependent remodeling dur-
ing gametogenesis, resulting in the inheritance of only a fraction of the ER (118, 137) (Figure 2).
The cortical ER forms cable-like structures prior to meiotic divisions. Then, in meiosis II, the ma-
jority of the cortical ER abruptly detaches from the cell periphery and collapses onto the dividing
nuclei. As the gamete membrane matures, only the cortical ER that is proximal to the developing
nuclei is expected to be inherited by gametes. Six plasma membrane-ER tethers are responsible
for holding the cortical ER to the plasma membrane (98). Interestingly, Scs2 and Scs22 detach
with the bulk of the cortical ER, while Tcb1, Teb2, Teb3, and Ist2 remain at the plasma membrane
and continue to tether small compartments of the ER to the plasma membrane even after bulk
cortical ER collapse (118). These gamete-excluded portions of the ER are eventually degraded by
mega-autophagy (42, 43).

The cortical ER is also partially degraded by ER autophagy (ERphagy), which is mediated
by the autophagy receptor Atg40, prior to gamete membrane closure and mega-autophagy (102,
118). Thus, it is also possible that selective ERphagy may play a role in eliminating damaged
ER content. To date, gametogenesis-mediated turnover of the cortical ER has been observed in
young progenitor cells (12, 118). In metazoans, ERphagy receptors preferentially degrade ER that
contains misfolded protein aggregates (4, 32, 52); thus, future studies are required to investigate
whether and how the ER turnover pathways prevent age-associated ER damage from being in-
herited by the gametes.

5. GLOBAL DEGRADATION AND RESYNTHESIS OF PROTEINS

Genome-wide studies have identified a subset of proteins that are asymmetrically retained in the
mother cell, suggesting that a specific balance of proteins must be inherited by the daughter cell
to reestablish proteostasis (159). Interestingly, ~135 of these proteins have been found to be long-
lived asymmetrically retained proteins (LARPs) (138, 144), which have limited turnover and ac-
cumulate inside of the mother cell. It is unclear if the accumulation of LARPs or other subsets
of asymmetrically inherited proteins contributes to the aging phenotypes; however, their exclu-
sion from the newly forming daughter cell suggests that some may reduce life span. Indeed, many
LARPs seem to have evidence of damage such as fragmentation or modification when analyzed
by mass spectrometry (144).

Like mitosis, gametogenesis must ensure that damaged or excess proteins that accumulate in
response to age-associated stress (e.g., excess nucleolar proteins) are not inherited by the gametes.
After gamete membrane closure, lysosome permeabilization induces a mega-autophagy event that
degrades all material that was not inherited by the gametes, including the GUNC (42, 43, 79)
(see Section 4.1). However, upregulation of both autophagy and proteasome genes is observed
prior to lysosomal membrane permeabilization, suggesting that protein turnover occurs in early
gametogenesis while gametes are still being formed (12). Evidence of ERphagy has been shown
(118) (see Section 4.3) and several autophagy genes are expressed during gametogenesis, including
the nucleophagy-specific receptor ATG39 (see Section 3.1) and the mitophagy-specific receptor
ATG32 (12). Additionally, ribosome degradation occurs in late gametogenesis, with resynthesis
occurring following gamete membrane closure (45). Ribosomes are essential for synthesizing new
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proteins; therefore, this mass turnover of ribosomes may provide an opportunity to create new
ribosomes that are devoid of modifications or damage. Since autophagy is critical for murine oo-
genesis (57), categorizing the proteins that are degraded by selective macroautophagy will give
more clues into which proteins are excluded from the developing gametes.

In parallel with macroautophagy, proteasome expression is also upregulated in gametogenesis
and has been linked with the elimination of amyloid-like assemblies that develop in the cyto-
plasm. Prior to meiotic divisions, the RNA-binding protein Rim4 forms amyloid-like structures
to repress translation of its bound targets (7). During the transition from meiosis I to meiosis II,
Rim4-mediated translational repression is rapidly reversed via Ime2-dependent phosphorylation,
which targets Rim4 for proteasomal degradation (21). Although aggregation of Rim4 is not an
age-dependent phenomenon, these studies demonstrate that gametogenesis can eliminate such
amyloid-like protein assemblies. Further studies are required to determine whether other types
of amyloid-like assemblies can be cleared in this manner during gametogenesis. Additionally, the
proteasome has been shown to play a role in rDNA stability and prevent ecDNA formation (66).
Thus, identification of the proteins degraded by the proteasome during gametogenesis could pro-
vide additional insight into mechanisms of life span resetting.

6. COMPLEX GENE REGULATION PATHWAYS

Genome-wide data sets have revealed that gametogenesis induces the expression of many genes
in a highly regulated manner, including alternative transcript and protein isoforms, which are not
expressed during mitosis (12,25, 30,40, 78). Since life span resetting is an intrinsic feature of game-
togenesis in budding yeast, understanding how the meiotic gene expression program contributes
to quality control and cellular remodeling will provide critical insights into how the rejuvenation
pathways are regulated. In this section, we explore different categories of alternative gene regula-
tion that are prevalent in gametogenesis and discuss how a specific TF, Ndt80, drives the expres-
sion of canonical and alternative isoforms, thereby providing insight into how this transcriptional
regulator may reprogram a progenitor cell to a fully rejuvenated state.

6.1. Noncanonical Gene Regulation

Over 90% of the yeast genome is actively translated during the meiotic program in a temporally
regulated fashion (12). Additionally, several surprising gene expression modalities are present in
gametogenesis (Figure 3a—f), suggesting pervasive noncanonical gene regulation. In compari-
son to mitosis, net translational levels are lower in meiosis, but globally, translational regulation
appears to be widespread. Furthermore, translation initiation at non-AUG codons, especially to
initiate translation upstream of annotated open reading frames (ORFs), is seen for approximately
half of the transcripts expressed in meiosis but is rare in mitotic cells (12).

One source of alternative translation arises from previously unannotated AUG-initiated short
ORFs (Figure 3b). When the S. cerevisize genome was first sequenced, ORFs were defined as
genetic units that contained a canonical start and stop codon and were at least 100 codons long
(39, 60). Due to this cutoff, these short ORFs were not annotated and thus have not been included
in genome-wide analyses. In human cells, a subset of short ORFs have been shown to produce
microproteins that are critical for proliferation (23). To date, the expression of over 2,000 short
ORFs has been detected in yeast gametogenesis using translational profiling (12); however, their
biological significance remains to be determined.

During gametogenesis, hundreds of alternative 5'-extended messenger RNA (mRINA) iso-
forms are expressed in a temporally regulated manner and contain AUG-initiated upstream
ORFs (uORFs) that dampen translation of the downstream ORF (12, 25, 148). Mechanistic
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Figure 3

Complex gene regulation pathways in gametogenesis. (#) In canonical gene expression regulation, TF1 binds to a proximal P1 to
facilitate transcription of an ORF-carrying transcript. This canonical transcript is processed and exported to the cytoplasm where it is
translated by ribosomes, producing a protein product. (4) shORFs behave like the ORF in panel 4, except the protein product is less
than 100 amino acids in length. (¢) Expression of a LUTI from an upstream P2 represses transcription from the proximal P1. The
resulting LUTT transcript is translationally inert as ribosomes are captured by the uORF(s) in the LUTT 5’ leader, resulting in reduced
or no protein expression from the ORF. (d) Translation of extended proteins can be initiated from an alternative near-cognate start site
that resides upstream of the conventional AUG. (¢) Truncated proteins form when TF2 binds to an alternative P2 located inside the
conventional OREF, inducing expression of an alternative truncated transcript. This may result in ribosomes translating from an
in-frame downstream start site, leading to the formation of a shorter protein. (f) Antisense repression of an ORF can occur when
transcription induced by TF2 from P2 on the opposite strand prevents transcription from canonical P1 by TF1. Abbreviations: LUTI,
long undecoded transcript isoform; mRNA, messenger RNA; ncRNA, noncoding RNA; ORF, open reading frame; P, promoter;
shOREF, short ORF; TF, transcription factor; uORE, upstream open reading frame.

insights into the function of these extended mRNAs, termed long undecoded transcript isoforms
(LUTISs), came from studying an essential kinetochore gene NDC80, whose regulation is critical
for gamete fitness and viability (24, 27). The LUTI-based mechanism repurposes gene-activating
TFs to function as repressors (Figure 3¢; discussed in Section 6.2). Central to this regulation is
the TF-dependent induction of the LUTI, which downregulates protein synthesis in a tunable
manner through the combined act of transcriptional and translational interference (reviewed
in 149). For genes that are regulated by LUTTs, protein synthesis is primarily determined by
the TF-dependent toggling between the LUTT and the protein-coding mRNA isoforms. It is

Long undecoded
transcript isoform worth noting that while the uORF-based translational repression appears to be ubiquitous among
(LUTI): an extended  transcripts categorized as LUTTs, transcriptional interference occurs in approximately 50% of

transcript containing LUTTI-carrying genes (148). Histone 3 lysine 36 trimethylation (H3K36me3) and changes in
upstream ORFs that

nucleosome position are among the strongest predictors of LUTI-based repression. This finding
may downregulate

suggests that physiologically impactful LUTI-based regulation involves the coupling of upstream

mRNA and protein
production from the transcriptional start-site selection to downstream chromatin remodeling. Thus, studies aimed at
canonical ORF understanding how LUTTIs are involved in meiotic cellular quality control and rejuvenation are

important areas of future investigation.
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Genome-wide studies also provide evidence for the production of hundreds of other under-
studied alternative transcripts and proteins (reviewed in 67). First, there are many extended pro-
teins that typically utilize non-AUG start codons, which are upstream of the conventional start
site. Use of these non-AUG start codons is in part a result of lower eIF5A levels in meiotic cells
(44) (Figure 3d). Second, truncated proteins (12) (Figure 3e) also occur due to alternative tran-
scription start-site usage, as revealed by focused studies of Ndt80 targets (162) and genome-wide
transcription start-site and end-site sequencing data sets (26). To date, an Ndt80-mediated N-
terminal truncation of Mrk1, which originates from a truncated transcript, has been shown to be
important for efficient gametogenesis progression. Lastly, transcriptional interference by noncod-
ing transcripts also occurs during gametogenesis. Transcriptional interference can occur on the
antisense strand (Figure 3f), as in the case of Ime4 (72), or sense strand, as in the case of Imel
(154). Biological roles for gametogenesis-specific transcript and protein isoforms remain an open
area of investigation.

6.2. The Versatility of Ndt80

Ndt80 is a master regulator of gametogenesis. In addition to driving the start of chromosome seg-
regation, Ndt80 is critical for initiating several meiotic pathways, including organelle remodeling
(118, 132) (Sections 4.2 and 4.3) and GUNC formation (79) (Section 3.1). Ectopically expressed
Ndt80 is sufficient to extend life span, suggesting that some of the quality control and/or reju-
venation pathways can be turned on to counteract cellular aging (152). Thus, identifying which
Ndt80 targets are important for gamete health may be therapeutically relevant.

Among the potential Ndt80 targets quantified at the protein level in a recent study, 3 different
modes of gene regulation emerge (25). First, 166 genes show an expected pattern: Ndt80 activates
mRNA synthesis, which corresponds to elevated ribosome footprints over the ORF (representing
translation) and a subsequent increase in protein levels (Figure 34). Second, 24 genes show Ndt80-
mediated induction of LUTT expression, leading to a 5'-extended version of the transcript that
decreases protein levels (Figure 3c¢). Finally, 8 genes show Ndt80-dependent promoter switching
from an upstream start site that was previously driving a LUTT to a downstream start site, resulting
in the induction of a canonical transcript that is more efficiently translated. In this scenario, Ndt80
expression overcomes prior silencing of these genes, ultimately leading to upregulation of protein
expression.

Studies of Ndt80 exemplify how a single TF can elicit multiple effects on gene expression
during gametogenesis and give insight into how a small number of TFs can coordinate waves
of gene upregulation and downregulation that modulate cellular rejuvenation. To date, 179 TFs
have been identified in budding yeast, and 142 are expressed during gametogenesis (12). With
the abundance of gene regulation mechanisms that exist in gametogenesis, understanding how a
small number of TFs can facilitate such dynamic changes can provide insight into how gametes
are reprogrammed to a youthful state. It is possible that other TFs, in addition to Ndt80, can
extend life span in budding yeast, so a complete understanding of which TFs can facilitate cellular
rejuvenation will be important for developing gametogenesis-based strategies for counteracting
cellular aging.

7. PERSPECTIVES

In this review, we have highlighted gametogenesis-specific quality control and rejuvenation path-
ways that converge to reset gamete life span, many of which are conserved from yeast to meta-
zoans (also reviewed in 61, 80). Because gametes are necessary for producing brand-new offspring,
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a gamete represents the cellular state of a young cell, at the levels of both organelle health and
gene expression. Currently, our understanding of gametogenesis reveals pathways that ensure that
(@) senescence-associated factors and damaged proteins are excluded and/or eliminated from the
developing gametes, (b)) organelles are remodeled to facilitate inheritance, and (¢) de novo organelle
biogenesis pathways are activated to complement inherited organelles for gamete maturation. If
any of these requirements are not met, gametes can be rendered unfit, inviable, or incompetent
for zygote formation; alternatively, the resulting progeny could suffer from developmental issues
or organelle-related defects.

7.1. Future Directions

Budding yeast has played a pivotal role in elucidating the mechanisms in gametogenesis that drive
rejuvenation and quality control, but several areas remain unexplored. First, there are still many
organelles and macromolecules that have not been carefully monitored during gametogenesis,
which could reveal more quality control and rejuvenation strategies. For example, Golgi struc-
tures, which appear as scattered foci in budding yeast, seem to coalesce at centrosomes in early
meiosis II before a subset of mitochondria and the ER localize to the gamete nuclei in young cells
(137). The Golgi network is important for maintaining proteostasis, so it will be interesting to test
how aging affects the Golgi network and whether this causes a subset of the damaged Golgi ap-
paratus to be targeted for degradation. As a more complete understanding of individual organelle
quality control pathways emerges, a whole-cell view of rejuvenation can be developed.

Second, many organelles and proteins appear to localize into distinct populations that facilitate
inheritance or gamete exclusion coupled with subsequent degradation. This raises the intriguing
hypothesis that the cell can differentiate and sort healthy and dysfunctional organelles and pro-
teins during gametogenesis. Identification of organelle quality markers that allow for such sorting
would be useful for two reasons: (#) From an experimental standpoint, being able to compare
the composition and function of healthy versus unhealthy organelles could provide insight into
age-associated organellar decline, and (/) from a therapeutic standpoint, organelle-specific aging
biomarkers could be useful in targeting their removal in somatic contexts. For example, portions
of the cortical ER that are not inherited by the daughter cell in mitosis (117, 138, 142) or by the
gametes in meiosis (118) are tethered to the plasma membrane by a common set of tethers (Tcbl,
Teb2, Teb3, and Ist2). It is possible that tethering to the plasma membrane is one mechanism
for marking regions of the ER containing misfolded proteins, so determining whether the
uninherited, tethered ER contains more misfolded proteins could be one way to address this
outstanding question.

Third, to complement genome-wide, temporal measurements of gene and protein expression,
more systematic assessments of gametogenesis are needed to identify the important players re-
quired to remove all hallmarks of aging to fully reset life span (reviewed in 93). For example, ga-
metogenesis entails changes in chromatin states (16, 73, 84), but whether chromatin-based events,
such as epigenetic changes, can help restore the rDNA locus, exclude ecDNA, or sequester nucle-
olar proteins remains to be determined. Furthermore, an in-depth assessment of the metabolome
during gametogenesis could provide insight into how metabolic changes could contribute to
rejuvenation.

Finally, determining which Ndt80 targets prevent, eliminate, or help the cells tolerate age-
associated damage will be important in future studies. Hundreds of transcripts are expressed fol-
lowing Ndt80 activation. These transcripts fall into distinct expression clusters, indicating that
Ndt80 triggers a cascade of gene expression waves by inducing additional TFs. Even among the
well-established transcriptional targets of Ndt80, ~10% appear to be LUTIs (25). Therefore,
Ndt80 and/or its downstream TFs can directly induce LUTI-based repression, in addition to
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their known function in gene activation. Interestingly, several TFs associated with stress response
pathways are transiently induced during gametogenesis, downstream of Ndt80 activation (12).
This includes Hacl, the homolog of human Xbp1, which is involved in the ER unfolded protein
response and induces LUTTs (153). The expression of these conserved stress response pathways
during gametogenesis is somewhat surprising since their activation often drives pathogenic states
in aging. However, exposure to modest levels of stress leads to a phenomenon known as hormesis,
which is associated with longevity and cellular protection, although the molecular mechanisms by
which this is achieved are not fully understood (reviewed in 58). Gametogenesis might be a phys-
iological manifestation of hormesis; therefore, determining what targets are expressed during the
transient activation of stress response pathways and determining how each pathway contributes
to gametogenesis-specific rejuvenation are exciting questions for future studies.

7.2. Application

The knowledge gained by the study of gametogenesis, for which natural strategies have evolved
to maintain an immortal germline, may enable strategies to combat age-related damage in other
cell types. In budding yeast, the meiotic TF Ndt80 is required for meiotic progression as well as
for many of the rejuvenation events discussed in this review. Ndt80 shares homology with two
p53-related germline proteins in metazoans (90): TAp63a, which is important for oocyte quality
control in mice (139), and CEP-1, which is highly expressed in the worm (C. elegans) germline (37),
suggesting that the function of Ndt80 in gametogenesis may be conserved. As our knowledge of
Ndt80-mediated life span extension grows, determining what aspects are conserved in metazoans
will be critical. Moreover, two other life span—extending strategies, dietary restriction and sper-
midine treatment, induce expression of two meiotic TFs, Imel and Ndt80 (158), so future studies
on Ndt80 could also give insight into how these treatments promote longevity.

In a broader sense, development of gametogenesis-based rejuvenation strategies is reminiscent
of partial reprogramming to the pluripotent state where transient expression of the Yamanaka
factors, Oct3/4, Sox2, KIf4, and c-Myc (OSKM), has been shown to revert mouse and human
cells to a younger state (see the sidebar titled Partial Reprogramming to the Pluripotent State).
NDT80 expression is sufficient to rejuvenate the nucleolus and extend life span (152); however, it

PARTIAL REPROGRAMMING TO THE PLURIPOTENT STATE

Hormesis:

a dose—response
phenomenon
characterized by a
low-dose response that
is opposite in effect to
that seen at high doses
(e.g., low levels of
stress promoting
longevity, but high
levels being
detrimental to an
organism)

Expression of the Yamanaka factors, Oct3/4, Sox2, K1f4, and c-Myc (OSKM), reprograms differentiated human and
mouse cells back to an induced pluripotent stem (iPS) cell state (109, 140, 141, 160). In mouse models, persistent
expression of Yamanaka factors causes teratoma formation (1, 108, 116); however, applying cycles of short induc-
tions of OSKM in progeroid mice (Lzna mutation G609G) ameliorates age-associated damage and extends both
health span and life span without teratoma or cancer formation (termed partial reprogramming) (115). Interest-
ingly, applying OSKM to middle-aged mice also improves glucose tolerance and tissue regeneration, but whether
transient OSKM can extend life span in naturally aging mice remains to be seen.

Excitingly, transient expression of OSKM, in combination with expression of LIN28 and NANOG, is sufficient
to eliminate various types of age-associated damage while maintaining the identity of each cell type in human cells.
For example, the epigenetic clock is reset, protein degradation pathways are restored, mitochondrial function is
improved, inflammation is reduced, and regenerative capacity is restored (130). Thus, understanding how partial
reprogramming to a pluripotent state reverts differentiated cells to a younger state holds tremendous potential for
developing rejuvenation strategies in somatic cells.
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is also possible that other gametogenesis genes elicit quality control and/or rejuvenation proper-
ties independently of NDT80. Thus, systematic identification of which meiotic genes are capable
of reprogramming cells from an older state to a younger state could lead to new therapies to
counteract cellular aging.

The development of gametogenesis-based rejuvenation strategies in aging cells has the poten-
tial to directly impact specific disease treatments as well. First, gametogenesis can clear amyloid-
like assemblies through a process that requires hyperphosphorylation (21). Tau amyloids and
TDP-43 aggregates, which have been observed in neurodegenerative patients, are hyperphos-
phorylated but not targeted for disaggregation and degradation (reviewed in 8, 113). Thus, ga-
metogenesis may provide new insight into what factors are required for clearing these misfolded
protein assemblies. Second, NPC function progressively declines with age, and loss of nucleocy-
toplasmic transport is seen in amyotrophic lateral sclerosis (ALS) and Huntington’s disease (28,
56,63, 161). Thus, understanding the mechanisms underlying NPC turnover during gametogen-
esis could provide novel strategies for reestablishing nucleocytoplasmic transport in somatic cells.
Finally, hundreds of meiotic genes are aberrantly induced across various cancer types and pro-
mote tumor proliferation and metastasis (15). Thus, understanding the functions of meiotic gene
expression programs could help inform targets for cancer therapies.

8. CONCLUSION

Gametogenesis provides a natural context to study the pathways that converge to maintain
an immortal germline. Technical advances that allow for live-cell fluorescence imaging and
multiomic dissection of gametogenesis have begun to reveal the organelle quality control and
gene regulation pathways that facilitate life span resetting; however, further research is required
to understand gametogenesis-mediated rejuvenation strategies at the whole-cell level. Studies in
budding yeast reveal that gametogenesis pathways can be leveraged outside their normal context
to extend life span. Therefore, gametogenesis holds tremendous potential for creating a road map
for cellular rejuvenation and developing rational strategies to combat age-associated damage in
the metazoan soma.

1. Gametogenesis is a natural developmental program that prevents age-associated dam-
age from being passed on to progeny. Studies in budding yeast have given insight into
the quality control and rejuvenation pathways that converge to reset the life span of
gametes.

2. Aportion of the nucleus is excluded from the developing gametes and forms the gameto-
genesis uninherited nuclear compartment (GUNC), which contains extrachromosomal
circular DNA (ecDNA), protein aggregates, excess nucleolar material, and nuclear pore
complexes (NPCs) and is eventually eliminated.

3. The mitochondria and endoplasmic reticulum undergo extensive remodeling to facilitate
a subset of each organelle to be inherited and the remaining fraction to be excluded from
the developing gametes.

4. The lysosomal membrane of the precursor cell undergoes programmed permeabilization
during late gametogenesis, and all cellular material that was excluded from the gametes
is destroyed by mega-autophagy.
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5. During gametogenesis, over 90% of the yeast genome is actively translated. This includes
genes involved in selective autophagy and proteasome-mediated degradation, and tran-
scription factors involved in stress responses. In many of these cases, alternative gene
and protein isoforms are also seen.

6. Extensive research on the master transcription factor Ndt80 reveals how a single tran-
scription factor can trigger upregulation and downregulation of gene expression by tar-
geting noncanonical gene regulatory pathways.

1. Continued systematic dissection of gametogenesis in young precursor cells is required
for a whole-cell understanding of cellular rejuvenation. This includes studying epige-
netic, metabolomic, and lipid changes during gametogenesis.

2. Comparing how quality control and rejuvenation pathways facilitate the removal of age-
associated damage is still needed for some organelles (e.g., the endoplasmic reticulum
and Golgi apparatus).

3. Ectopic expression of the meiotic transcription factor Ndt80 is sufficient to extend
replicative life span in budding yeast, suggesting that gametogenic rejuvenation path-
ways can be repurposed outside their normal context. To date, Ndt80 has been shown to
rejuvenate the nucleolus; however, whether Ndt80 rejuvenates other aspects of the cell
has not yet been determined. Furthermore, identifying the complete set of Ndt80 tar-
gets that elicit rejuvenation in aging cells will give insight into mitigating age-associated
damage in a cell.

4. As our understanding of gametogenesis-based rejuvenation pathways continues to grow,
determining which aspects are conserved and capable of removing age-associated dam-
age in metazoans will provide new therapeutic targets for preventing or treating age-
associated disease.
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