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Abstract

Cell aging is the result of deteriorating competence in maintaining cellular homeostasis and quality control. Certain cell types
are able to rejuvenate through asymmetric cell division by excluding aging factors, including damaged cellular compartments
and extrachromosomal rDNA circles, from entering the daughter cell. Recent findings from the budding yeast S. cerevisiae
have shown that gametogenesis represents another type of cellular rejuvenation. Gametes, whether produced by an old or
a young mother cell, are granted a renewed replicative lifespan through the formation of a fifth nuclear compartment that
sequesters the harmful senescence factors accumulated by the mother. Here, we describe the importance and mechanism of
cellular remodeling at the nuclear envelope mediated by ESCRT-III and the LEM-domain proteins, with a focus on nuclear

pore biogenesis and chromatin interaction during gamete rejuvenation.
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Introduction

A hallmark of aging is the progressive accumulation of cel-
lular damage. Age-induced damage is caused by a decrease
in cellular homeostasis and protein quality control, affect-
ing both the chronological age of the cell and its replica-
tive lifespan (Longo et al. 2012). While the occurrence of
self-renewal and rejuvenation has been well documented for
a variety of cell types, the cellular mechanisms utilized to
mitigate the effects of aging are not fully understood. Recent
work in the budding yeast S. cerevisiae has begun to shine a
light on these fundamental processes.

A crucial determinant in reducing the effects of cellu-
lar aging is proper trafficking across the nuclear envelope
which forms a selective barrier between the cytoplasm
and nucleoplasm (Ungricht and Kutay 2015). The semi-
permeable barrier provided by the nuclear pore complexes
(NPCs), which are embedded within the nuclear envelope,
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aids in maintaining nuclear integrity and nuclear envelope
homeostasis (Beck and Hurt 2017; Kim et al. 2018). In bud-
ding yeast, malformed NPCs accumulate in the Storage of
Improperly Assembled Nuclear pore Complexes compart-
ment, called the SINC (Webster et al. 2014). The SINC is
not passed on to daughter cells but instead remains with
the mother during mitosis, which is asymmetric in bud-
ding yeast (Colombi et al. 2013; Makio et al. 2013; Webster
et al. 2014). Consequently, the daughter cell is born with a
renewed replicative lifespan while the mother ages, accu-
mulating damaged cellular compartments and protein aggre-
gates, with each new bud until death (Sinclair et al. 1998).
In contrast to mitosis, meiosis is morphologically sym-
metrical and produces gametes, also referred to as spores in
budding yeast (Neiman 2011). During gametogenesis, mei-
otic cells reset aging such that all gametes have a renewed
replicative lifespan (Unal and Amon 2011; Unal et al. 2011).
Senescence factors such as extrachromosomal rDNA circles
and protein aggregates originally observed in the mother
cell are not present in the newly formed gametes (Fuchs and
Loidl 2004; Unal and Amon 2011; Unal et al. 2011; King
et al. 2019; Koch et al. 2020). Recent studies of the forma-
tion of the Gametogenesis Uninherited Nuclear Compart-
ment (GUNC) during budding yeast meiosis offer a mecha-
nistic explanation for how aged mother cells can produce
four fully renewed gametes (King et al. 2019; King and Unal
2020; Koch et al. 2020) and the ramifications on gamete
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lifespan of hindering this sequestration (Koch et al. 2020).
This knowledge indicates a role for nuclear envelope remod-
eling and nuclear pore biogenesis in the rejuvenation of
gametes in budding yeast, which may have implications for
understanding self-renewal during animal gametogenesis.

GUNC formation during budding yeast
gametogenesis

During gametogenesis in budding yeast, age-induced fac-
tors, including extrachromosomal rDNA circles, heat shock
proteins, and NPCs are selectively sequestered to the GUNC
(King et al. 2019; Koch et al. 2020). The wide-scale nucleo-
porin sequestration observed in meiosis indicates that the
formation of the GUNC involves both the nuclear envelope
and nucleoplasm in a coordinated fashion. GUNC initially
forms via the biogenesis of the prospore membrane, project-
ing from the spindle pole body (King et al. 2019; King and
Unal 2020). There are two potential mechanisms by which
the prospore membrane biogenesis may affect GUNC for-
mation. First, as the prospore membrane expands, it actively
pushes NPCs into the GUNC. Alternatively, the rapid growth
of the nuclear membranes during meiosis II, corresponding
to the formation of the prospore membrane, may passively
leave behind NPCs in the GUNC. In either scenario, we
envision that the prospore membrane functions as a selec-
tive filter facilitating the initial constriction of NPCs, with
the Endosomal Sorting Complex Required for Transport
(ESCRT)-III complex finalizing the sequestration of nucleo-
porins to GUNC (Koch et al. 2020).

ESCRT-III constriction of NPCs to GUNC
during gametogenesis

ESCRT-III and its associated factors are known to function
in NPC biogenesis (Webster et al. 2014; Thaller et al. 2019),
and we propose many of these interactions are required for
sequestration of NPCs to the GUNC. The LEM (Lap2-
emerin-MANT1) family of integral inner nuclear membrane
proteins, Heh1 (which is also called Srcl) and Heh2 have
been shown to mediate the surveillance of NPC biogenesis
in conjunction with ESCRT-III components, Chm7, Snf7,
and Vps4 (Webster et al. 2014, 2016). This surveillance
mechanism involves Hehl as the recruiting factor respon-
sible for the focal accumulation of Chm?7 at specific sites
along with the nuclear envelope, in turn activating ESCRT-
III likely through its direct interaction between Snf7 and
Chm?7 (Webster et al. 2016; Thaller et al. 2019).

During meiosis, Hehl and ESCRT-III are required for
the constriction of nucleoporins to the GUNC (Koch et al.
2020). We propose that during late anaphase II, Hehl
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recruits ESCRT-III and Chm7 to the junction between the
expanding gamete nuclei and the GUNC. The ESCRT-III
complex then likely binds Vps4 at these sites and constricts
the nuclear envelope, leading to the eventual scission of the
membrane leaving four gamete nuclei separated from the
GUNC (Koch et al. 2020).

The formation of GUNC is analogous to nuclear division
in budding yeast mitosis, in which the mother cell retains all
of the nuclear senescence factors (Kaeberlein 2010; Longo
et al. 2012). Functionally, the GUNC, therefore, resembles
the mitotic mother cell retaining the old or damaged NPCs
and other aging factors. The meiotic constriction of NPCs to
the GUNC is facilitated by the actions of Heh1 and ESCRT-
III (Koch et al. 2020), and given that Heh1 directs ESCRT-
IIT during mitotic NPC biogenesis through binding Chm7
following cytoplasmic exposure (Webster et al. 2016), Heh1
may be the determining factor of where and how the GUNC
constriction sites are located. In support of a Heh1 depend-
ent mechanism, recent data suggests the LEM-domain pro-
tein, LEM2, in human cells is capable of condensing on
microtubules in a liquid-like phase and co-assembles with
the Chm7 homolog, CHMP7, to activate ESCRT and func-
tion as an O-ring seal at the confluence between membranes
(von Appen et al. 2020). The idea that budding yeast game-
togenesis may utilize a similar phase separation to constrict
aging factors from nascent gametes is an attractive model
that requires further analysis.

Is NPC remodeling related to nuclear
envelope breakdown?

We propose that ESCRT-III/Vps4 in conjunction with Hehl
and Chm?7 is responsible for the membrane cleavage separat-
ing the GUNC from the newly formed gametic nuclei. One
question yet to be answered is: what is the mechanism by
which NPCs are remodeled at the nuclear envelope during
the process of GUNC formation? Looking to other single-
celled eukaryotes, the fission yeast S. pombe may provide
insight into nuclear envelope dynamics and NPC remod-
eling. In fission yeast, the nuclear envelope is intact during
meiosis I, but during anaphase II there is a virtual Nuclear
Envelope Breakdown (VNEB), creating an increase in per-
meability which allows for diffusion of nuclear proteins into
the cytoplasm (Arai et al. 2010; Asakawa et al. 2010). A
localized NEB, in which the nuclear envelope breaks down
at specific regions, has also been observed in fission yeast
mitosis, at the microtubule bridge, giving the dividing nuclei
an intermediate dumbbell shape (Dey et al. 2020) and at the
centrosome (Fernandez-Alvarez et al. 2016). NPCs aggre-
gate in the middle of the bridge in a manner dependent upon
Lesl (Dey et al. 2020). The Les1 protein localizes exclu-
sively to the inner nuclear membrane to form stalks around
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the mitotic spindle, constricting movement along the micro-
tubule bridge and orienting the location of NEB (Dey et al.
2020). It has been shown that Les1 interacts with ESCRT-III
proteins to ensure proper nuclear envelope sealing, and upon
deletion of LESI, NPCs are no longer sequestered to the
microtubule bridge (Dey et al. 2020). This new information
on Lesl in fission yeast mitosis provides insight into the
budding yeast homolog Mscl, which may have a similar
function in the sequestration of NPCs in meiosis. Future
study of Mscl may provide insight into the connection of
NEB to NPC remodeling in budding yeast meiosis.

Nuclear envelope remodeling
and chromosome segregation

During GUNC formation, the core subunits of the NPC are
sequestered, whereas basket nucleoporins appear distrib-
uted along the periphery of the gamete nuclei (King et al.
2019; Koch et al. 2020). The significance of this partial
disassembly of the NPC remains unclear, but it is consist-
ent with the idea of dynamic NPC modularity, which is
tightly regulated (Knockenhauer and Schwartz 2016). The
dissociation of basket nucleoporins from the core and their
subsequent localization to the gamete nuclei late in meiosis
may allow the amphipathic helices of basket nucleoporins to
dock onto and curve the nuclear membrane (Meszaros et al.
2015). Also in meiosis II, chromosomes initially localize
to the midzone, then migrate to the nascent gamete nuclei
upon GUNC formation (King et al. 2019; Koch et al. 2020).
Chromosome movement during this process is concomi-
tant with that of the basket nucleoporins (King et al. 2019;
Koch et al. 2020). Given that basket nucleoporins associ-
ate with chromatin during cell divisions (Dultz et al. 2008;
Markossian et al. 2015; Suresh et al. 2017), we speculate
that separation of basket nucleoporins from the core may
be crucial for disrupting the interaction between the NPC
and chromatin that would otherwise inhibit NPC constric-
tion to the GUNC. LEM proteins tether chromatin to the
nuclear periphery (Grund et al. 2008; Mekhail et al. 2008),

we, therefore, hypothesize that the interaction between NPCs
and chromatin is perturbed in the absence of Hehl, Heh2 or
Vps4. Along with the lack of sequestration to the GUNC in
the absence of these proteins, we observed a mutant phe-
notype in which the NPCs coalesced around a single gam-
ete nucleus (Fig. 1a; Koch et al. 2020), indicating that the
NPC and chromatin interaction somehow remains intact.
This phenotype was observed in approximately one quarter
of hehl and vps4 mutants but in over two-thirds of heh2
mutants (Koch et al. 2020). Another chromosomal defect
we observed was NPCs encapsulating a fifth chromatin mass
in the GUNC-like compartment in a little under one quarter
of hehl and vps4 mutants (Fig. 1a; Koch et al. 2020). The
five nuclear bodies produced from these meiotic cycles were
inviable, indicating a severe chromosome segregation defect
(our unpublished data). We hypothesize that ESCRT-III
and the LEM-domain proteins play dual roles during yeast
gametogenesis (Fig. 1b). First, they participate in NPC con-
striction and GUNC formation (Koch et al. 2020). Second,
they function in meiotic chromosome segregation, by link-
ing chromosomes to NPCs either directly or indirectly. The
LEM-domain protein to chromatin interaction at the NPC
potentially can be severed by ESCRT-III/Vps4, as shown in
fission yeast (Pieper et al. 2020). In contrast to Heh1, which
is highly abundant in late meiosis II, the expression level
of HEH? is dramatically downregulated (Chu et al. 1998),
suggesting another layer of regulation of LEM protein and
chromatin interaction. Disconnecting chromatin from the
NPC may trigger the release of the chromosomes and basket
nucleoporins into the daughter nuclei, while the NPC core
subunits remain constricted to GUNC.

The idea of a dual action of ESCRT-III/Vps4 functioning
with either Heh1/Chm7 or Heh2 to ensure gamete rejuvena-
tion via restriction of senescence factors to GUNC and faith-
ful chromosome segregation provides a testable hypothesis.
Determining the role of LEM-domain proteins’ interaction
with the NPC and chromatin, and how ESCRT-III helps
mediate the process of NPC remodeling may be the key to
understanding GUNC formation and gamete rejuvenation.
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Fig. 1 LEM-domain proteins and ESCRT-III regulate NPC sequestra-
tion and chromosome segregation during gametogenesis in budding
yeast. a Selected images from time-lapse microscopy showing the
nucleoporin Pom34-GFP (green) localization in wild-type (WT) and
vps4 mutant cells. Htal-mApple (red) marks the chromosomes. The
corresponding diagrams detail chromosome movement and GUNC
(gametogenesis uninherited nuclear compartment) formation in WT
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