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Editorial on the Research Topic
Germ cell development and reproductive aging

Introduction

Aging and reproductive aging are influenced by environmental factors, stochastic
aberrations in molecular interactions, and deterministic instructions encoded in our
genome. Although no single process has been shown to be the main cause of aging, it
appears that multiple processes contribute, leading to a loss of fitness and eventual death.
Over the last 30 years, interest in the field of aging has exponentially increased since the
pioneering discoveries of single gene mutations that double the lifespan of the nematode
Caenorhabditis elegans (Kenyon et al., 1993). These genes and pathways have since been
shown to be evolutionarily conserved and innumerable other genes and interventions that
impact longevity across species have been discovered. However, these analyses have been
predominantly focused on somatic tissues rather than the ovary and testis and how aging
of reproductive tissues impacts somatic aging. Undoubtedly, one of the most important
events in biology is the union of the sperm and egg—and their unique ability to give rise to
an entirely new generation composed of billions of cells. Despite the importance and
tremendous potential (immortal lineage) of these cells, the male and female gametes are
not impervious to aging. In humans, prominent changes in social behavior and medical
interventions have changed the landscape of reproduction, enabling a delay in
childbearing and longer post-menopausal lifespan in women. All these factors have a
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profound impact on the quantity, quality, and ultimate
reproductive potential of germ cells. Reproductive aging is not
unique to mammals but affects many other organisms, including
yeast, flies, and worms. Thus, understanding the fundamental
mechanisms underlying reproductive aging is essential to
develop new approaches to extend reproductive lifespan,
which will ultimately impact overall health. The 20 articles in
this Research Topic explore critical aspects of germ cell
development and reproductive aging. They include 10 research
articles, 8 reviews, and 2 mini reviews, covering from insects to
humans.

Overview

From insects to human: Convergences
and divergences in reproductive aging

Reproductive aging is not exclusive to humans or
laboratory model organisms but also occurs in species in
the wild including large mammals. Although many
mechanisms that control aging are conserved among
species, there are distinct traits exhibited by different
species. Comizzoli and Ottinger review the conserved
mechanisms of reproductive aging and highlight the value
of comparative studies addressing aging issues in conservation
breeding as well as human reproductive medicine. Many of
these conserved mechanisms are well known, such as
depletion of the ovarian reserve or decline in testicular
function, as well as phenomena observed in social insects
where organismal senescence regulates aging rather than germ
cell senescence. They also discuss how corals, birds,
tardigrades, fish, reptiles, social insects like ants and bees
and naked mole-rats do not show a decline in fertility with
age and can provide knowledge that can lead to potential
interventions to improve fertility in aged humans (Nisbet et al.
, 1999; Heinze and Schrempf, 2008; Tsujimoto et al., 2016;
Place et al., 2021; Buffenstein et al., 2022).

The major determinants of reproductive aging are defects
in germ cell expansion during development or premature
depletion of the germline stem and progenitor pools
(Antebi, 2013). On this subject, Tolkin and Hubbard review
recent advances in our understanding of the role of depletion
of the germline stem and progenitor cell pools in C. elegans.
Their review dissects the role of specific molecular pathways,
such as Notch and insulin/IGF like receptors, in the decline of
germ cells with age. In their review, Wu et al., explore the
mechanisms of vitellogenesis in insects, a critical process for
egg production and embryonic development and that
addresses the importance of lipids and specific germ cell
proteins across species. Also, using C. elegans as a model,
Scharf et al.,, performed a detailed analysis of the mechanisms
involved in reproductive aging and chemical interventions
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that can help delay aging in nematodes. Notably, Scharf et al.,
also describe how reproductive aging influences birth rate
affecting population dynamics. In both reviews, the authors
discuss new avenues of research that can improve the effects of
aging in worms and how it can be extrapolated to humans. An
example of potential translation to humans is presented by
Choi et al,, who show that oleic acid-mediated increased
reproduction can be dissociated from somatic longevity,
reducing the energetic cost of reproduction.

Aging the proteome: Dynamics of mRNA
translation and proteostasis

Regulation of mRNA translation is critical for the proper
function of the cell. In the case of germ cells, there is
accumulating evidence to suggest that changes in mRNA
translation can contribute to infertility and reproductive
aging in organisms from insects to humans. For this
Research Topic, Mercer et al, review the dynamic
regulation of mRNA translation and ribosome biogenesis in
germ cells of flies, worms, and mice. The authors evaluate the
conserved functions between species, their differences, and
suggest potential new lines of research in this field. Changes in
mRNA translation and ribosomal biology can directly affect
proteostasis. Cafe et al., review the role of proteostasis in the
maintenance of the germline and in reproductive health. In
their review, the authors analyze proteostasis in the context of
both somatic and germ cell aging, and how disruption of
proteostasis leads to defects in gametes, embryogenesis, and
lifespan. Intracellular communication by extracellular vesicles
is key for many physiological and pathological processes and
is mediated via cargo including nucleic acids (DNA, RNA,
microRNAs, and long-non-coding RNAs) proteins and
enzymes (Yanez-Mo et al, 2015). Liu et al., performed a
review of the roles of extracellular vesicles in aging and
their implications in reproductive diseases.

Aging is for all: Impact of aging on male
germ cells

Primordial germ cells (PGCs) and spermatogonial germ cells
are critical for reproduction and disruption of their proliferation
or migration results in fertility defects. Aging also impacts stem
cells and old spermatogonial stem cells have reduced function
and ability to generate sperm (Liao et al., 2021). Defects at early
stages of germ cell development are not unique to females. Zhou
et al., employ a unique model, the viviparous fish black rockfish,
and use different molecular approaches to trace the origin and
migration of the PGCs in fish. Another powerful approach to
study germ cell development is described by Xu et al., where they
use mass spectrophotometry to reveal differences in protein
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abundance and phosphorylation in the sperm of Yorkshire and
Duroc pigs and the authors discuss the relationship between pig
reproductive efficiency and fertility. Also related to male germ
cell development, Zhou et al., shows that proliferation and
apoptosis in human spermatogonial stem cells (SSCs) is
regulated by TCF3, a member of the E-protein family of
helix-loop-helix transcription factors (Slattery et al, 2008).
They find that the effect of knocking down TCE3 in vitro
produces phenotypes reminiscent of TCF3 deficient patients
with non-obstructive azoospermia.

Too many avenues with a common end:
Reproductive aging in females

Female reproductive aging is characterized by a loss of
follicles, the functional units of the ovary consisting of oocytes
surrounded by companion granulosa cells. The quality of the
oocytes in the ovary also deteriorates with age. Reproductive
aging is associated with adverse reproductive outcomes,
including infertility, miscarriages, and birth defects
(Duncan and Gerton, 2018; Gruhn et al., 2019). Moreover,
reproductive aging is associated with a decline in estrogen,
which is produced by growing follicles. Estrogen regulates
cardiovascular, brain, immune, bone, and reproductive tissue
function (Satirapod et al, 2020). In fact, menopause
accelerates aging (El Khoudary et al., 2020). In this special
Research Topic, 8 papers focus exclusively on different aspects
of female reproductive aging. Liu et al., evaluate the role of the
ten-eleven translocation (Tet) enzymes in the establishment of
the ovarian reserve. They show that in the absence of Tet-1,
young mice have a severe reduction in the number of follicles
and become infertile by middle age. These mutants also
present disruption of organelle fission, ubiquitination,
autophagy, and upregulation of expression from
transposable elements such as Linel. Aging not only
impacts the pool of germline stem/progenitor cells, it also
affects later stages of gametogenesis. One clear example is
presented by Raices et al., where they demonstrate that the
capacity to repair DNA damage during meiosis in the germ
cell is reduced with age. Raices et al., evaluated the recruitment
of the proteins RPA-1 and RAD51 that are required for
homologous recombination, showing that the dynamics of
early meiotic DNA damage and repair are compromised in
older mothers, increasing the risk of aneuploidy and low
oocyte quality.

Beyond the germ cells: Ovarian stroma,
inflammation and hormones during aging

Depletion of ovarian reserve is not only regulated by the
intrinsic characteristics of the germ cells, but also local
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environment such as the health of the stroma (Amargant
et al, 2020; Umehara et al, 2022), inflammation (Foley
et al., 2021; Navarro-Pando et al, 2021) and hormonal
balance. Non-infectious chronic and mild inflammation is a
hallmark of aging. Products of this inflammation can be
detected by inflammasomes (complexes of multiple proteins
that induce sterile inflammation). Regulation of
inflammasomes is highly controlled by different proteins
including NACHT, LRR and PYD domains-containing
protein 3 (NLRP3). Liberos et al., using NIrp3 knockout
mice, show that ablation of this gene diminished the pro-
inflammatory cytokines and macrophage infiltration leading
to a larger ovarian reserve. However, aging is not the only
cause of inflammation in the ovary. In fact, in this Research
Topic Knapik et al., review the role of T cells in ovarian
physiology and disease from polycystic ovary syndrome to
ovarian cancer, and how each one of these pathologies can
lead to reproductive aging and infertility.

Regulation of the reproductive cycle in females is tightly
regulated by hormones. In this Research Topic Bjorkgren et al.,
using mice as a model, ablate the a/B hydrolase domain-
containing protein 2 (Abhd2). Mutant mice showed disruption
of the estrus cycle rhythm. Abnormal cycles were accompanied
by a phenotype that mimics the histology observed in polycystic
ovaries, revealing the relevance of this gene as a non-genomic
steroid regulator of the female reproductive cycle and a potential
target for therapy in humans.

Protecting the quality of the egg: Is there a
right time to cryopreserve the oocyte?

The quality of the oocyte is critical for fertility. In this
Research Topic Beverley et al., review the impact of cohesin
variants and mutations in reproductive aging, disease, and
overall health. Aging is directly associated with loss of the
cohesion, that leads to

meiosis-specific premature

segregation of sister chromatids, aneuploidy, and
miscarriages. One avenue to combat oocyte aging is
cryopreservation. This technique is an important option
for patients that need to go through medical treatments
such as chemotherapy and radiotherapy but also for
females planning to delay motherhood. However, not all
oocytes are equally capable of in vitro maturation or
fertilization. Studies in this Research Topic from Kusuhara
et al., and Karavani et al., in both mice and humans
(respectively) identify optimal time windows for retrieving
mouse and human oocytes for cryopreservation. Their
findings demonstrate that younger is not always better and
that oocytes harvested during the pubertal transition have a
reduced competence relative to reproductively adult mice.
Sirait et al., review the impact of the characteristics of the

cumulus-oocyte complex, such as of the nuclear maturation,
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apoptosis, extracellular matrix remodeling and steroids
metabolism, as biomarkers for in vitro fertilization outcomes.

Conclusion

Over the past several years, significant progress has been made
in our understanding of the biological functions and key events
during reproductive aging. Despite the advances described above,
many aspects of the biological processes involved, and treatments
to improve them, remain poorly understood. Therefore,
mechanistic studies are necessary to identify the molecular
networks that drive reproductive aging. We need to better
understand the role of other cells beyond the gametes, and the
role played by the extracellular matrix, hormones, non-coding
RNAs, proteostasis, and epigenetics in reproductive aging. Future
identification of the molecular basis of dynamic transcriptional
regulation and protein post-translational modifications in germ
cells and reproductive aging remains a crucial endeavor.
Understanding molecular mechanisms will allow us to develop
new technologies and therapies to improve reproductive health,
reproductive lifespan and organismal healthspan.
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Extracellular vesicles (EVs), present in cell culture media and several body fluids, play
a prominent role in intercellular communication under physiological and pathological
conditions. We performed a systematic literature search to review evidence regarding
the existence, composition, and release of different EVs, as well as the biomarkers,
cargos, and separation methods. We also reviewed the potential of EVs to transport
cargos and alter the function and phenotype of recipient cells associated with aging
and reproductive diseases, including polycystic ovary syndrome and endometriosis. In
aging, EVs promote inflammatory reactions and offsetting the occurrence of aging. In the
polycystic ovary syndrome and endometriosis, EVs and their cargos are involved in the
occurrence of diseases, therapeutic strategies, and perform as non-invasive biomarkers.
As the study of EVs is still in the early stages, it is not surprising that most of the current
literature only describes their possible roles.

Keywords: extracellular vesicles, isolation, aging, polycystic ovary syndrome, endometriosis

INTRODUCTION

Intercellular communication has been shown to play an essential role in diverse physiological
processes, including cell proliferation, development, and differentiation. Published literature in
recent years has revealed a new mechanism of intercellular communication, namely via the
release of extracellular vesicles (EVs). Classically, intercellular communication includes endocrine,
paracrine, and autocrine or intercellular gap junctions, a kind of direct cell-cell contact, and secreted
some factors. In the group of secreted factors, we will focus here on the roles of EVs. EVs secreted
outside of the cell can serve as vehicles for the transport of cargo to recipient cells (Raposo and
Stoorvogel, 2013). EVs display a diverse range of sizes and are present in cell culture media (under
both normal and pathological conditions) and several body fluids (Caby et al., 2005; Admyre et al.,
2007; Ogawa et al.,, 2008; Gonzales et al., 2009). The cargo of EVs contains biologically active
molecules, such as nucleic acids (DNA, RNA, microRNAs and long non-coding RNAs), proteins,
lipids, and nicotinamide phosphoribosyltransferase (¢eNAMPT) (Yoshida et al., 2019).

EVs have been shown to be involved in numerous biological functions and pathological
processes (Baek et al.,, 2016). Meanwhile, EVs and their cargos act as non-invasive markers of
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various diseases (Li et al., 2009; Mitchell et al., 2009; Choi
et al,, 2011; Saman et al., 2012; Ostergaard et al., 2013; Jakobsen
et al,, 2015). Abnormal EV levels may be one of the causes
of aging and reproductive diseases (including polycystic ovary
syndrome (PCOS) and endometriosis), and are closely related
to the occurrence, development, and prognosis of these diseases.
Moreover, EVs can alleviate aging phenotypes, and promote
cell proliferation (Liu et al., 2019). Such developments offer
new therapeutic strategies for the treatment of PCOS in the
future. The purpose of this review is to describe the present
knowledge of the role of EVs as cell-to-cell messengers in aging
and reproductive diseases.

METHODS

For this review, including three strategies: literature search, study
selection, and results summary. We conducted a systematic
online literature search of the PubMed and Web of Science
databases and searched all published articles since the database’s
creation to 2019. We used the following query: (‘extracellular
vesicles' or ‘microvesicles or ‘microparticles’ or ‘exosomes’)
and (‘comparison of isolation method” or ‘aging’ or ‘polycystic
ovary syndrome’ or ‘endometriosis’). Both animal and human
studies were considered suitable for this review. Additionally,
all relevant studies were identified and included. These types of
EVs do not include “apoptotic bodies” and “apoptotic vesicles”.
Any duplicate articles were eliminated. After screening the title
and/or abstracts, if the article was found to be unrelated to
the study, was excluded. A total of 9072 records were retrieved
from the two databases. After removing duplicates titles and
other topic articles, the full-text articles of 190 articles were
reviewed and 89 were considered relevant and included in this
review (Figure 1).

EXTRACELLULAR
VESICLES-IDENTIFICATION

Over the past ten years, the number of published papers on EVs
has increased exponentially, which is in sharp contrast with the
field of circRNA. This also proves that researchers have a growing
understanding of EVs, as seen in Figure 2, to the extent that the
2013 Nobel Prize in Physiology or Medicine was awarded to three
scientists (James E. Rothman, Randy W. Schekman, and Thomas
C. Stidhof) working on the transport system of vesicles inside
cells. In fact, the study of EVs dates back even further. It was in
1982 when EVs were first reported in seminal plasma (Stegmayr
and Ronquist, 1982). EVs were initially considered as “cellular
garbage”, although they are now known as important mediators
of intercellular communication, participating in and activating a
variety of cell signaling pathways (Raposo and Stoorvogel, 2013).

EVs are a heterogeneous population (Bobrie et al., 2012;
Raposo and Stoorvogel, 2013; Kowal et al, 2016), and can
be classified into three categories according to their biogenetic
pathway and physical characteristics: exosomes, microvesicles
(MVs), and apoptotic bodies (Figure 3 and Table 1). Exosomes

are small vesicles with lipid bilayers that contain cytoplasmic
components of secretory cells which indirectly reflect the state
and nature of the secretory cells and are biologically equivalent
to the cytoplasm of the lipid bilayer. The external domains of
transmembrane proteins are exposed in the extracellular space
(Schorey et al., 2015). Exosomes are derived from intraluminal
vesicles (ILVs) residing within multivesicular endosomes (MVEs)
(van Niel et al., 2018). MVs can also be called microparticles
(MPs), formerly known as ‘dust, and are shed from the plasma
membrane and subsequently released into the extracellular space
(Mathieu et al., 2019). MVs may be released faster than exosomes,
which is directly related to their production mechanism.
Apoptotic bodies are released from dying cells (Colombo et al.,
2014; Yanez-Mo et al,, 2015). The production of EVs has been
widely observed in bacteria, humans, and plants (Deatherage and
Cookson, 2012; Schorey et al., 2015; Robinson et al., 2016), and
demonstrates an evolutionarily conserved intercellular signaling
mechanism. Exosomes are small vesicles of 40-150 nm in
diameter (Jeppesen et al., 2019), although can potentially reach
as large as 200 nm (Colombo et al., 2013), and therefore overlap
the range of virus sizes (Gyorgy et al., 2011). MVs vary in size
from 100 to 1,000 nm in diameter (Marques et al., 2013), up to 10
pm, and overlap the range of bacteria sizes (Akers et al., 2013).
Apoptotic bodies are the largest vesicles (>1,000 nm) of the three
classes and overlap the rang of platelet diameter (Hristov et al.,
2004; Atkin-Smith et al., 2015). In fact, the diameter of vesicles
does not sufficiently differentiate exosomes and MVs because
in some instances their diameters may overlap with each other.
Typical biomarkers for exosomes include transmembrane tetrad
proteins (e.g., CD9, CD63, and CD81), Alix, TSG101, Flotillin-1,
HSC70, and syntenin-1 (Mathivanan et al., 2010; Colombo et al.,
2014). Discriminatory markers of MVs include annexin Al,
ARF6, KIF, RACGAP, exportin-2, and chromosome segregation
1-like protein (Muralidharan-Chari et al., 2009; Xu et al., 2016;
Tricarico et al., 2017; Jeppesen et al., 2019). Phosphatidylserine
(PS), thrombospondin, C3b complement protein, calreticulin,
and VDACI have been proven to be useful markers for apoptotic
bodies (Takizawa et al., 1996; Fadok et al., 2001; Friedl et al., 2002;
Jeppesen et al., 2014; Van Deun et al., 2014).

EXTRACELLULAR VESICLES ISOLATION
METHODS

Many techniques have been established to isolate different
EVs. Ultracentrifugation (UC) is one of the most commonly
used methods for exosomal isolation. Extension of UC time
increases the degree of pollution of non-vesicular particles
(Cvjetkovic et al.,, 2014). Non-vesicular components are likely
to be contaminating and mainly include high molecular
weight proteins and protein aggregates that co-precipitate with
exosomes during the UC process (Tauro et al., 2012). Moreover,
UC shows the lowest recovery, but the highest protein purity
of all exosomal isolation methods (Tang et al., 2017). Therefore,
the UC method is the ideal option for proteomic analysis of
exosomes (Alvarez et al., 2012; Rekker et al., 2014). In recent
years, a series of commercial kits have been developed for the
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FIGURE 2 | Number of papers published in EVs research in the last decade.

2012 2013 2014 2015 2016 2017 2018 2019

isolation and extraction of exosomes (Hartman et al., 2011; da
Silveira et al., 2012; Sohel et al., 2013). Compared to the UC
method, commercial kits have simple methods (Helwa et al,,
2017), often produce a significantly higher yield of exosomes
(Helwa etal., 2017), and show a higher extraction efficiency (Tang
et al., 2017). However, albumin impurities in the final extract
are common. Notably, commercial kits produced the highest
numbers of exosome miRNA and mRNA. Therefore, the use of
commercial kits is an ideal method for subsequent RNA profiling
analysis (Alvarez et al., 2012). Lastly, immunoaffinity capture
is another method for separating and purifying exosomes. This
method allows for the purification of high levels of exosomes and
the exosome-associated proteins (Greening et al., 2015), and this
is suitable for protein analysis of exosomes.

The selection of exosome isolation methods will have a
substantial impact on the following RNA and protein analysis.
Therefore, an appropriate exosome isolation method is essential
to reveal exosomal-specific contents, and biological functions.

EXTRACELLULAR VESICLES AND
AGING

Aging can be defined by a decline in multiple biological
functions. There are many aging-associated disorders and
chronic diseases, for example, sarcopenia (Landi et al., 2018),
cancers, and cardiovascular diseases. This time-dependent
process is characterized by the accumulation of cellular damage,
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Microvesicles

FIGURE 3 | Types of EVs in the cells culture media and body fluids. EVs are classified in three heterogeneous population, including exosomes, microvesicles and
apoptotic bodies. Exosomes are originated from intraluminal vesicles (ILVs) reside within multivesicular endosomes (MVEs) that are the precursor of exosomes.
Microvesicles shedding from the plasma membrane and subsequently released into the extracellular space. Apoptotic bodies are released from dying cells.

TABLE 1 | Summary of key characteristics of microvesicles, exosomes and apoptotic bodies.

Microvesicles Exosomes Apoptotic bodies References
Size (nm) 100 to 1,000/10,000 40 to 150/200 >1,000 Hristov et al., 2004; Gyorgy et al., 2011; Akers et al., 2013;
overlaps with bacteria size  overlap with virus size overlaps with platelet ~ Colombo et al., 2013; Marques et al., 2013; Atkin-Smith
diameter et al., 2015; Jeppesen et al., 2019
Isolation Sequential centrifugation Ultracentrifugation (UC), Centrifugation(300g), ~ Chen et al., 2010, Hartman et al., 2011, Taylor et al., 2011;
procedure (300g/2,0009/10,0009) commercial kits, immunoaffinity, sequential filtering (5 da Silveira et al., 2012; Sohel et al., 2013; Witwer et al.,

Selected protein
markers

Biogenesis

Annexin A1, ARF6, KIF,
RACGAP, exportin-2 and
chromosome segregation
1-like protein

Shedding from the plasma
membrane and

size exclusion, polymeric
precipitation, microfluidics,

and 1pm filters) and
centrifugation(2,000g)

Transmembrane tetrad proteins VDACH1, PS,
(including CD9, CD63, and CD81), thrombospondin, C3b,
Alix, TSG101, Flotillin-1, HSC70  calreticulin.

and syntenin-1
Originate from intraluminal vesicles Released from dying

cells

2013; Boing et al., 2014; Van Deun et al., 2014; Greening
et al., 2015; Xu et al., 2015

Takizawa et al., 1996; Fadok et al., 2001; Friedl et al., 2002;
Muralidharan-Chari et al., 2009; Mathivanan et al., 2010;
Colombo et al., 2014; Jeppesen et al., 2014, 2019; Van
Deun et al., 2014; Xu et al., 2016; Tricarico et al., 2017
Colombo et al., 2014; Yanez-Mo et al., 2015; van Niel et al.,

(ILVs) reside within multivesicular
endosomes (MVEs) and are the
precursor of exosomes

subsequently released into
the extracellular space

2018; Mathieu et al., 2019

widely recognized as a common cause of aging (Kirkwood, 2005;
Gems and Partridge, 2013). A typical hallmark of senescent cells
is the stability of permanent cell cycle arrest. Generally, the DNA
synthesizing ability of senescent cells are typical of the G1 phase
(Di Leonardo et al., 1994; Herbig et al., 2004). Aging has nine
hallmarks: genomic instability, telomere shortening, epigenetic
alterations, loss of proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, senescence, stem cell exhaustion, and
alteration in intercellular communication (Shiels et al., 2017).
Cells in senescence exhibit a senescence-associated secretory
phenotype (SASP), triggering the loss of DNA replication
capacity (Campisi and d’Adda di Fagagna, 2007). Previous
studies about aging have focused on traditional fields such as
genetic alterations and epigenetics. With the development of
EVs separation technology and the deepening of theoretical
research, we have a new understanding of the mechanism of
aging. Recently, EVs and their contents have received extensive
attention in the research of aging mechanism.

EVs play a fundamental role in aging (Pusic and Kraig, 2014;
Alique et al., 2017). Takasugi et al. (2017) demonstrated that EV's
secreted by DNA-damaging agent doxorubicin induced senescent
RPE-1 cells are important mediators of the pro-tumorigenic
function of senescent cells. EVs-associated EphA2 secreted from
senescent cells binds to ephrin-Al, which is highly expressed
in several types of cancer cells and promotes cell proliferation
through EphA2/ephrin-Al reverse signaling. However, recent
finding indicated that induced pluripotent stem cells (iPSCs)
produce a large number of EVs, which could alleviate the
aging-associated phenotypes of senescent mesenchymal stem
cells (MSCs), promote cell proliferation, and mitigate progerin-
induced senescence in premature aging cell models (Liu et al.,
2019). Research into stem cells and their secreted EV's could help
address the negative effects of senescent cells. This research would
differ in that it requires the use of different cell sources of EVs.

At present, there are many controversies about whether
EVs secretion in senescent cells is increased or decreased. In
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2008, Lehmann et al. (2008) first certified that the release
of EVs secretion increased during proliferative senescence in
normal human diploid fibroblasts. This increase is regulated by
p53 and TSAP6 (the target gene of p53). However, the exact
mechanism of this regulation remains unclear. However, Eitan
et al. (2017) provided an analysis of EVs in peripheral blood
circulation through an epidemiologic and longitudinal study, and
showed that the concentration of EVs significantly decreased
with increasing age. This contrasting age-related decrease in EV's
may be partly attributed to the fact that EVs from senescent
individuals are easier to internalize than those from more
young and healthy individuals (Fitan et al., 2017). The protein
levels in EVs may be account for the age-related concentration
changes and internalization activation. Recent studies revealed
that the apoptosis markers such as p53, cleaved PARP, and
cleaved Caspase-3 are significantly decreased, while proteins
including CD151 and tetraspanin are markedly increased with
cell senescence (Eitan et al., 2017). Therefore, the change of EVs
levels in senescent cells needs further study.

The contents of EVs are also closely related to senescence, such
as miRNA, inflammatory cargos, nicotinamide phosphoribosyl-
transferase, DNA and C24:1 ceramide.

miRNA

Recently, a new mechanism of intercellular communication
mediated by exosome-associated miRNAs has attracted
widespread attention (Valadi et al., 2007). miRNAs are short
non-coding RNA (ncRNA) molecules that can act as gene
regulators by inhibiting translation or binding to the three
primes” untranslated region (3’-UTR) of target messenger RNA
(mRNA) to induce degradation of the target mRNA transcripts
(Gasparello et al., 2019). miRNAs are therefore believed to
be important in a range of physiological processes and the
regulation of the development of many diseases. Moreover,
Wei et al. (2017) recently analyzed extracellular RNA (exRNA)
of EVs secreted by glioblastoma cells in vitro and found that
ncRNA composed the majority of exRNA, instead of mRNA.
This indicates that miRNAs play a significant and ever-growing
role in the implementation of EV's function.

Studies have shown that exosome miRNA can be transported
to surrounding tissues or cells and exert either a positive or
negative impact, as summarized in Table 2. Several exosome-
associated miRNAs are important regulators of senescence and
cellular senescence. Exosomal miRNAs from senescent cells
can be transported to surrounding cells and lead to aging
(Smith-Vikos and Slack, 2012; Urbanelli et al., 2016). For
example, Davis et al. (2017) treated bone marrow mesenchymal
stem cells (BMSCs) of young mice with EVs derived from
the bone marrow of aging mice and found that osteogenic
differentiation was inhibited and BMSCs senescence was induced.
This phenomenon can be mimicked by the transfection of
miR-183-5p into BMSCs. Aging of the brain is associated with
the loss of myelin, which has been shown to directly cause
cognitive decline (Pusic and Kraig, 2014). In this study, serum-
derived exosome miRNA in young Wistar rats promoted the

TABLE 2 | EVs cargos involved in aging.

Cargos Functions References

miRNA Inhibit BMSCs osteogenic Davis et al., 2017
differentiation and induced

senescence

Promote the oligodendrocyte Pusic and Kraig,

precursor cells differentiation and 2014

improve the ability of

remyelination

Promote osteoclast formation Xu et al., 2018

and bone reabsorption, leading to
the occurrence of osteoporosis

Stimulate receptor cell migration  van Balkom et al.,

and angiogenesis, preventing 2013

senescence

Sensitivity and specificity to Lugli et al., 2015

predict AD

A novel candidate aging Machida et al.,

biomarker 2015; Bertoldi
etal.,, 2018

Inflammatory cargos Participate in the spread of

inflammatory diseases

Boilard et al., 2010;
Gomes de Andrade
etal.,, 2018

Nicotinamide Promote the biosynthesis of Yoshida et al., 2019
phosphoribosyltransferase systemic NAD* and offsets the

(eNAMPT) occurrence of aging

DNA Maintain cellular homeostasis Ostrowski et al.,
2010; Baietti et al.,
2012; Takahashi

etal., 2017

C24:1 ceramide A key factor in cell death and Venable et al., 1995

senescence
Induce senescence of bone
marrow mesenchymal stem cells

Khayrullin et al.,
2019

EVs: Extracellular vesicles. BMSCs: Bone marrow mesenchymal stem cells.

differentiation of primary oligodendrocyte precursor cells (OPC)
and improved the ability of remyelination in older Wistar
rats. In the microenvironment of bone marrow, age-related
miRNA changes can inhibit bone formation and promote bone
resorption, leading to the osteoporosis. Exosomes derived from
older rats BMSCs promoted the occurrence of osteoporosis
and had higher levels of miR-31a-5p, compared to that of
younger rats. Therefore, exosome miRNA is considered to be
as an important mediator in the age-related bone marrow
microenvironment (Xu et al., 2018).

However, exosomes can also suppress cellular senescence
in certain contexts. Exosomes have been considered to be
messengers of intercellular communication during angiogenesis.
Recent studies have revealed that exosomes containing miR-
214, produced by the human microvascular endothelial cell
line (HMEC-1), can stimulate receptor cell migration and
angiogenesis, thereby preventing the development of senescence.
In contrast, the depletion of exosome miR-214 in endothelial
cells failed to stimulate these processes and prevent cellular
senescence (van Balkom et al., 2013). The study of miRNA
in young and senescent cell EVs is helpful to reveal the new
mechanisms of senescence.
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Exosome miRNAs are also considered to be potential
attractive biomarkers of aging (Smith et al.,, 2015). In a study
investigating Alzheimers disease (AD), Lugli et al. (2015)
strongly suggested that plasma exosome miR-1306-5p, which
targeted ADAMI10, had the best sensitivity and specificity to
predict AD, of all indicators examined. In salivary exosomes,
miR-24-3p has been identified as a novel candidate biomarker for
aging (Machida et al., 2015). The miR-183 cluster of exosomes,
comprising miR-96, miR-182, and miR-183, increased during
the aging process (Bertoldi et al., 2018). This suggests that the
miR-183 clusters have the potential serve as biomarkers of aging.

INFLAMMATORY CARGOS

Inflammation has long been considered a defensive response
to microbial agents. It is now clear that an inflammatory
response can occur in the absence of infection, in a condition
known as “aseptic inflammation” (Chen and Nunez, 2010).
Aseptic inflammation is referred to as a chronic systemic
inflammatory state during aging (Franceschi et al., 2000), in
which EVs are involved (Table 2). EVs can trigger aseptic
inflammatory responses by carrying pathogen autoantigens or
damage-associated molecular patterns, and are involved in the
transmission of inflammatory diseases through EV-associated
cytokines, miRNAs, and lipid mediators (Buzas et al., 2014).
Boilard et al. (2010) suggested that MPs originating from
platelet are able to promote inflammatory reactions and stimulate
cytokine responses in synovial fibroblasts via interleukin-1 (IL-1)
signaling. Gomes de Andrade et al. (2018) revealed that aging
could cause changes in the profiles of circulating exosomes. An
age-related increase in CD63 levels was observed in exosomes
from cerebrospinal fluid (CSF), and a significant decrease in IL-
1B levels was observed in exosomes from the plasma of the older
group of male Wistar rats (Gomes de Andrade et al., 2018). These
results suggest that changes in IL-1f levels of the exosomes are
significantly correlated with age-related inflammatory responses.

NICOTINAMIDE
PHOSPHORIBOSYLTRANSFERASE

Nicotinamide adenine dinucleotide (NAD) is the basic chemical
involved in energy metabolism in all living organisms. The
expression of NAD™, the oxidized form of NAD, in worms,
various rodent tissues (fat, skeletal muscle, liver, pancreas, kidney,
brain and heart), skin, and neurosensory retina is decreased with
age (Braidy et al., 2011; Gomes et al., 2013; Mouchiroud et al.,
2013; Khan et al., 2014; Canto et al., 2015; Verdin, 2015; Lin
etal., 2018; Rajman et al,, 2018; Yoshino et al., 2018). eNAMPT is
an essential NAD™ biosynthetic enzyme in mammals. In recent
years, NADT metabolism has become a hot topic in the field
of aging (Canto et al, 2015; Rajman et al, 2018). Through
the enrichment of several exosome markers, such as Flotillin-1,
TSG101, CD9, CD63, and CD81, as well as the use of electron
microscopy, Yoshida et al. (2019) demonstrated that both
mouse and human plasma exosomes contained eNAMPT, which

was internalized into target cells to directly enhance cellular
NAD™ biosynthesis. Moreover, in aging mouse plasma, exosome-
containing eNAMPT content can be changed. This is a novel
inter-organizational communication mechanism that maintains
NAD™ levels through exosome-mediated eNAMPT transport.
eNAMPT promotes the biosynthesis of systemic NAD™, offsets
the occurrence of aging, and can be used as a new potential
anti-aging intervention pathway (Table 2).

DNA

EVs also contain chromosomal DNA fragments. It has been
reported that no matter the cause of cellular senescence,
the secretion of DNA-containing exosomes increases with cell
senescence (Takahashi et al., 2017). In senescent human cells,
the inhibition of exosome-associated DNA secretion by knocking
down Alix or Rab27, which are important molecules for the
biogenesis (Baietti et al., 2012) and secretion (Ostrowski et al.,
2010) of the exosomes, can provoke reactive oxygen species
(ROS)-dependent DNA damage due to the accumulation of DNA
in the cytoplasm and senescent cell cycle arrest or cell apoptosis.
Even in non-senescent cells, the accumulation of cytoplasmic
DNA can induce apoptosis. Cytoplasmic DNA has been reported
as a danger signal that activates the innate immune response,
including the interferon (IFN) pathway (Abe et al., 2013; Hartlova
et al,, 2015) and cGAS-STING-dependent signaling (Takahashi
et al.,, 2017). Meanwhile, exosomes are actively secreted from
cells in order to the remove infected adenoviral DNA (Takahashi
et al., 2017). Exosomes, are therefore believed to play a critical
role in senescence-associated secretory phenotypes. These results
suggest that exosome secretion can maintain cellular homeostasis
by removing harmful cytoplasmic DNA in senescent and non-
senescent cells (Table 2). These findings will provide new insights
into the control of cell homeostasis as well as new facets to
investigate the involvement of EVs.

C24:1 CERAMIDE

Ceramide is a sphingolipid produced by the hydrolysis of
sphingomyelin, catalyzed by sphingomyelinase (Wang et al,
2012), and has various of forms, such as short-, medium-, long-,
and very long-chain. EVs are highly abundant in sphingolipid
ceramide (Wang et al, 2012). Lipidomic analyses of serum
exosomes indicated that serum exosomes from older women
were highly enriched in C24:1 ceramide (Khayrullin et al., 2019).
Exosome-associated ceramide has emerged as a key factor in cell
death and senescence in a variety of cell types (Venable et al.,
1995). Recent studies by Law et al. (2018) revealed that very
long-chain ceramides with lipotoxicity can cause mitochondrial
dysfunction, oxidative stress, and cell death in cardiomyocytes.
In vitro experiments have shown that exosomes containing C24:
1 ceramide in serum could induce the senescence of BMSCs
(Khayrullin et al., 2019). These results confirm that exosomes
containing C24: 1 ceramide may directly lead to the involuntary
senescence and apoptosis of cells (Table 2).
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These animal and human studies provide strong evidence for
the relationship between EVs, cargos, and aging. In the future
studies, the relationship between other contents of EVs and
senescence should be further explored to reveal the potentially
unexpected role of EVs.

EXTRACELLULAR VESICLES AND
REPRODUCTIVE DISEASES

It is widely accepted that normal reproductive processes,
including ovulation, menstruation, implantation, and
parturition, show signs of inflammation (Goswami et al,
2008). The female reproductive tract needs to solve these
problems quickly to restore normal reproductive function. The
dysregulation of inflammatory factors play a pivotal role in
reproductive diseases (Gupta et al., 2008). As we know, EVs are
involved in inflammatory state. In this review, we emphasize the
involvement of EVs in PCOS and endometriosis. In view of
the functions and characteristics of EVs, we focus on assessing
the pathogenic role as well as diagnostic and therapeutic value of
EVsin PCOS and endometriosis (Table 3).

EXTRACELLULAR VESICLES AND
POLYCYSTIC OVARY SYNDROME

PCOS is one of the most prevalent endocrine diseases in
women of reproductive age (Bozdag et al., 2016). Importantly,
women with PCOS have an imbalance between procoagulant and
anticoagulant factors with increased levels of proinflammatory
cytokines (Repaci et al, 2011; Palomba et al, 2015; Nehir
Aytan et al., 2016), which increase the risk of cardiovascular
disease. Mesri and Altieri (1998) first described the role of
circulating EVs in the spread of endothelial proinflammatory
cascades in 1998. They demonstrated that EVs released from
polymorphonuclear leukocytes by healthy volunteers could

induce endothelial cells to produce cytokines and chemokines
in vitro. In follicular fluids of PCOS women, Li et al. (2019)
used a tandem mass tag quantitative proteomic approach and
found that follicular fluid exosomes of both normal and PCOS
samples contained S100 calcium-binding protein A9 (S100-
A9). S100-A9 expression was greater in the follicular fluid
exosomes of PCOS women and enhanced inflammation and
disrupted steroidogenesis by activating the nuclear factor kappa
B (NF-kB) signaling pathway. This activation was performed
in a S100-A9 dose-dependent manner. In the follicular fluids
of PCOS patients, EVs miR-132 and miR-320 are expressed
at significantly lower levels than in healthy individuals (Sang
et al., 2013). Moreover, these two miRNAs are also related
to the production of steroidogenesis. However, the women
with PCOS, miR-323-3p derived from mesenchymal stem cell
exosomes alleviates PCOS by targeting PDCD4 to promote
proliferation and inhibit apoptosis of cumulus cells (Zhao
et al,, 2019). This provides a novel therapeutic strategy for the
treatment of PCOS.

MPs are also a type of EVs and play a fundamental role
in the communication between source and target cells. Serum
MPs” content can increase in variety of conditions, including
PCOS (Willis et al., 2014; Carvalho et al., 2017b), prothrombotic
states (Mooberry et al, 2016), and type 2 diabetes mellitus
(Koga et al., 2005). Younger women with PCOS have increased
concentrations of circulating annexin V-positive platelet MPs
in plasma, compared with older women with PCOS (Willis
et al, 2014). Surprisingly, in overweight women with the
PCOS, plasma MPs are also higher than those in BMI-matched
controls (Koiou et al., 2013). It was subsequently confirmed
that elevated levels of EVs in women with PCOS are directly
related to follicular counts and insulin resistance markers in
the ovary (Simon et al., 2018). Interestingly, recent studies have
revealed that metformin could reduce total MPs and tissue
factor MPs (TFMPs) in women with PCOS (Carvalho et al.,
2017a). TEMPs participate in thrombus formation and clot
propagation (Nomura and Shimizu, 2015). Moreover, following

TABLE 3 | Pathogenic role and main functions of EVs in polycystic ovary syndrome and endometriosis.

Disease Pathogenic role of EVs Potential functions References
PCOS Enhance inflammation and disrupt steroidogenesis by activating Lietal, 2019
the NF-kB signaling pathway
Alleviate PCOS by targeting PDCD4 to promote proliferation and New therapeutic strategy Zhao et al., 2019
inhibit apoptosis of cumulus cells
Biomarkers for predicting PCOS Carvalho et al., 2017b
Endometriosis Reflect the state of the inflammation and/or procoagulant system Munros et al., 2017

Increase total weight and impair macrophages’ phagocytic ability

Contribute to endometriosis by affecting inflammation, angiogenesis,

and proliferation in the microenvironment of endometriotic lesions

Decrease of endometriosis fibrosis by reducing Collagen al and
CTGF mRNA expression

Promote the occurrence of endometriosis and regulate angiogenesis

Sun et al., 2019
Khalaj et al., 2019

Prediction of successful embryo implantation ~ Parks et al., 2018

Wu et al., 2018

Harp et al., 2016, Qiu et al., 2019
A non-invasive detection marker in the Muth et al., 2015

diagnosis of endometriosis

EVs: Extracellular vesicles. PCOS: Polycystic ovary syndrome. NF-«kB: nuclear factor kappa B.
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weight loss in a patient with PCOS, the number of MPs
was significantly decreased. The relationship between MPs and
the other symptoms of PCOS have not yet been established
(Teede et al., 2010).

MPs may serve as useful biomarkers for predicting many
diseases, including PCOS and cardiovascular disease (Carvalho
etal., 2017b). The ratio of ornithine to arginine in plasma derived
from PCOS patients is significantly increased (Kyselova et al.,
2019). Furthermore, platelet-derived MPs are the main sources
of plasma arginase (Kyselova et al., 2019). Arginase and the ratio
of ornithine to arginine have also been reported to represent early
biomarkers of potential cardiovascular disease in PCOS patients
(Kyselova et al., 2019). Therefore, MPs can be used as potential
biomarkers for disease assessment. The role of EVs in PCOS
requires further study.

EXTRACELLULAR VESICLES AND
ENDOMETRIOSIS

Endometriosis is a hormone-dependent, chronic, painful, and
benign gynecological disorder. Although the pathogenesis
of endometriosis is still unknown, Sampson’s can explain
the etiology of this disease through the theory of retrograde
menstruation. This theory suggests that menstrual discharge
returns to the peritoneal cavity through uterine contraction,
adheres to the peritoneal tissue, and develops into ectopic
lesions. However, of all patients with retrograde menstruation,
only 5%-10% develop endometriosis (Cramer and Missmer,
2002; Giudice, 2010). Therefore, endometriosis is considered
to be a dysfunctional immune response (Paul Dmowski and
Braun, 2004) which promotes inflammatory responses and
angiogenesis. Lately, the immune mechanism of endometriosis
has received increasing attention (Ballester et al., 2011), notably
due to the prevalence of EVs-related endometriosis research.
Khalaj et al. (2019) suggested that in endometriosis patients, EVs
could contribute to endometriosis by affecting inflammation,
angiogenesis, and proliferation in the microenvironment
of endometriotic lesions. Sun et al. (2019) reported that
endometriosis, an inflammatory disease, possibly involves
peritoneal macrophages. EVs derived from eutopic stromal
cells of endometriosis could increase the total weight of
mice and impair phagocytic ability of macrophages. These
stromal cell-derived EVs contribute to the development of
lesions. Previous studies by Munros et al. (2017) showed
that in deep-infiltrating endometriosis patients, increased
levels of circulating total cell-derived MPs may be reflect
the state of the inflammation and procoagulant system.
The increase in EVs level induces the disorder of immune
function, and thus promotes the occurrence of endometriosis.
Therefore, EVs have been shown to have the potential to
promote endometriosis.

On the other hand, in terms of pathology, the main
feature of endometriosis is ectopic tissue fibrosis, which is
characterized by excessive deposition of endometriotic tissue on
the extracellular matrix (Matsuzaki and Darcha, 2014; Malutan
et al, 2015) and may cause scar formation or alter tissue

function (Matsuzaki et al., 2010). Wu et al. (2018) reported that
the increase in exosome miR-214 from endometrial stromal cells
could result in the decrease of endometriosis fibrosis by reducing
collagen al and CTGF mRNA expression. Subsequently, Harp
et al. (2016) proposed that exosomes released by endometriotic
stromal cells could deliver specific miRNA molecules in an
autocrine and paracrine manner to promote the occurrence
of endometriosis and regulate angiogenesis. More recently, a
study by Qiu et al. (2019) revealed that the serum exosome
long non-coding RNA (IncRNA) hypoxia-inducible factor from
patients with endometriosis could also promote angiogenesis.
These results indicate that exosomes can promote the occurrence
of endometriosis and may become an important pathogenesis
for endometriosis.

Currently, the combination of laparoscopic evaluation and
biopsy is the gold standard for the diagnosis of endometriosis
(Gordts et al., 2015). However, both detection methods are
invasive. EVs, as non-invasive detection markers, have shown to
be value prospective for the diagnosis of endometriosis. Muth
et al. (2015) showed that EVs from cervicovaginal lavage and
vaginal swabs could be used as a novel and relatively non-
invasive method to diagnose primate endometrial disease and
other reproductive tract diseases.

EXTRACELLULAR VESICLES
APPLICATION IN CLINICAL AND BASIC
RESEARCH

The clinical application of EVs is based on four aspects
(Table 4). First, treatment tools. EVs can increase the secretion
of proinflammatory cytokines (Prado et al., 2008), and thus
reducing the production or absorption of EVs may be a
new strategy for the treatment of diseases. Secondly, EVs are

TABLE 4 | EVs application in clinical and basic research.

EVs application References
Clinical
Treat tools Prado et al., 2008

Promising biomarkers for
diagnostic diseases

Lugli et al., 2015; Machida et al., 2015; Muth
et al., 2015; Carvalho et al., 2017b; Bertoldi
et al., 2018; Kyselova et al., 2019

Yoshida et al., 2019

Raposo et al., 1996; Zitvogel et al., 1998;
Chaput and Thery, 2011

Drug delivery tools
Vaccines

Basic research

Function: Influence inflammation,
angiogenesis, disrupting
steroidogenesis and impairing
macrophages’ phagocytic ability.
Alleviation diseases development.

Mesri and Altieri, 1998; Boilard et al., 2010;

Harp et al., 2016; Munros et al., 2017; Gomes
de Andrade et al., 2018; Khalaj et al., 2019; Li
et al.,, 2019; Qiu et al., 2019; Sun et al., 2019

Mechanism: the NF-«B signaling
pathway

Li et al., 2019; Zhang et al., 2019

Wu et al., 2018; Liu et al., 2019; Mobarak et al.,
2019; Yoshida et al., 2019; Zhao et al., 2019

EVis: Extracellular vesicles. NF-xB: nuclear factor kappa B.
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promising biomarkers for diagnostic diseases (Lugli et al., 2015;
Machida et al., 2015; Muth et al., 2015; Carvalho et al., 2017b;
Bertoldi et al., 2018; Kyselova et al,, 2019). EVs from bodily
fluid have gained significant interest as a potential diagnostic
biomarker for various diseases. Thirdly, EVs can be utilized as
drug delivery tools. EVs can transport cargos to adjacent cells
and be internalized into cells (Yoshida et al., 2019). Lastly, EVs
may be applied to vaccinations. EVs have the potential to improve
immune function (Raposo et al., 1996; Zitvogel et al., 1998;
Chaput and Thery, 2011). The properties of EVs regulate the
immune system, and thus give them the possibility to be involved
in vaccinations.

In basic research, on the one hand, EVs contribute to disease
pathophysiology. EVs and cargos include protein, miRNAs
and IncRNAs that promote the development of the disease
by influencing inflammation, angiogenesis, steroidogenesis and
macrophage phagocytic ability (Mesri and Altieri, 1998; Boilard
et al., 2010; Harp et al., 2016; Munros et al., 2017; Gomes de
Andrade et al., 2018; Khalaj et al,, 2019; Li et al., 2019; Qiu et al.,
2019; Sun et al., 2019). This effect may be mediated by the NF-«kB
signaling pathway (Li et al., 2019; Zhang et al., 2019). On the other
hand, EVs can also alleviate disease development (Wu et al., 2018;
Liu et al., 2019; Mobarak et al., 2019; Yoshida et al., 2019; Zhao
etal., 2019). It may also be a new pathway to treatment diseases.

CONCLUSION

In the recent decades, research on aging and reproductive
diseases is mainly based on traditional fields such as genetic
alterations and epigenetics. For this reason, many studies
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Germ cells play a key role in gonad development. As precursors, primordial germ cells
(PGCs) are particularly important for germline formation. However, the origination and
migration patterns of PGCs are poorly studied in marine fish, especially for viviparous
economic species. The vasa gene has been widely used as a germ cell marker
to identify a germline because vasa RNA is a component of germ plasm. In this
study, we described the expression pattern of black rockfish (Sebastes schlegelii) vasa
(Ssvas) in gonadal formation and development by in situ hybridization. The results
showed that Ssvas failed in localization at the cleavage furrows until the late gastrula
stage, when PGCs appeared and migrated to the genital ridge and formed elongated
gonadal primordia at 10 days after birth. This study firstly revealed the PGCs origination
and migration characteristics in viviparous marine fish. Furthermore, we microinjected
chimeric mMRNA containing EGFP and the 3’'untranslated region (3'UTR) of Ssvas into
zebrafish (Danio rerio) and marine medaka (Oryzias melastigma) fertilized eggs for tracing
PGCs. We found that, although Sebastes schlegelii lacked early localization, similar
to red seabream (Pagrus major) and marine medaka, only the 3'UTR of Ssvas vasa
3'UTR of black rockfish was able to label both zebrafish and marine medaka PGCs.
In comparison with other three Euteleostei species, besides some basal motifs, black
rockfish had three specific motifs of M10, M12, and M19 just presented in zebrafish,
which might play an important role in labeling zebrafish PGCs. These results will promote
germ cell manipulation technology development and facilitate artificial reproduction
regulation in aquaculture.
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vasa Expression and 3'UTR Function

INTRODUCTION

As highly specialized cells, germ cells play a key role in
germline development (Xu et al., 2010). In fish, the germ cells
undergo a series of basic biological processes, including
formation, migration, proliferation, and differentiation,
and eventually develop into mature gametes (Braat et al,
1999; Nishimura and Tanaka, 2014). Healthy gonad
development and gametogenesis in fish are important for
aquaculture. Therefore, investigating the whole development
process of germ cells facilitates the reproduction regulation
in aquaculture, such as sex control, gonad maturation
induction, and artificial insemination (Piferrer, 2001).
At the same time, it promotes germ cell manipulations,
in which the time of gonad formation can provide a
reference for germ cell transplantation (Takeuchi et al., 2004;
Okutsu et al., 2006).

Primordial germ cells (PGCs), the precursors of germ
cells, are set aside from somatic cells early in embryogenesis
(Goto-Kazeto et al,, 2010). PGCs arrive in the genital ridge
through a long-range cell migration, and they are covered by
somatic cells to form elongated gonadal primordia. In recent
years, many maternal-effect genes such as vasa, dnd, dazl,
and nanos localized in germplasm have been identified and
extensively used as germ cell markers to study origination
and migration of PGCs in fish (Xu et al, 2007; Lindeman
and Pelegri, 2010; Yoshizaki et al, 2010; Hong et al., 2016).
This reveals that the PGC migration routes and gonadal
formation times vary from fish species. So far, there are
two classical origination and migration patterns of PGCs.
One representative is the zebrafish (Danio rerio), in which
germ plasm granules in fertilized eggs are concentrated to
the distal parts of the cleavage furrows, resulting in four
aggregates during the first two cleavage divisions, and these
cluster cells will differentiate into PGCs at the late blastula
(Yoon et al, 1997). The other representative is the medaka
(Oryzias latipes), whose granules are distributed uniformly
throughout each blastomere until the onset of epiboly, and
the PGCs start to appear at late gastrulation, lacking early
localization (Shinomiya et al., 2000). Once PGCs form, they
migrate and concentrate on the dorsal peritoneum, under
the notochord at the hatching stage. The PGCs undergo a
post-hatching migration in most oviparous fish. According to
histological studies, PGCs migrate from the upper part of
the body cavity to the rear and settle on the dorsal side of
the gut, a location that future gonad forms. The settlement
time of PGCs is species specific. In ukigori (Gymnogobius
urotaenia), PGCs reached the genital ridge at 6-8 days post-
hatching (dph) (Saito et al., 2004), while in turbot (Schophthalmus
maximus), Japanese flounder (Paralichthys olivaceus), and
yellowtail kingfish (Seriola lalandi), PGCs arrived in the
gonad formation location at 15-20 dph (Fernandez et al,
2015; Zhao et al., 2017; Yang et al., 2018). However, the
time of primordial gonadal formation of viviparous fish
has not been reported so far. After migration, the germ
cells begin mitosis and meiosis, and the formed gonads
differentiate into presumptive ovary or testis (Gao et al,

2009). Under the control of the endocrine regulation and the
external environment, gonads gradually develop to maturity and
produce sexual gametes.

The vasa is the first germ gene identified in fish, which
encodes an ATP-dependent RNA helicase of the DEAD (Asp-
Glu-Ala-Asp)-box family (Knaut et al., 2000). It has been proved
to be able to fulfill potential roles in germ cell origination
and migration and maintain throughout the development of
germ cells in fish (Kobayashi et al., 2000; Lin et al., 2012b; Ye
et al., 2016). Moreover, the function of vasa varied considerably
in diverse species. In medaka, vasa knockdown led to defects
in PGCs migration but not proliferation, motility, identity,
and survival (Li et al., 2009), while in zebrafish, disruption
of vasa resulted in sterility in males (Hartung et al, 2014).
As a universal germ cell marker, the vasa gene was used
to identify the fish germline in economic species such as
rainbow trout (Oncorhynchus mykiss) (Yoshizaki et al., 2010),
Dabry’s sturgeon (Acipenser dabryanus) (Ye et al., 2016), and
Atlantic cod (Gadus morhua) (Presslauer et al., 2012). The
vasa mRNA has been shown to degrade rapidly in somatic
cells but remain stable in PGCs, which are all mediated by
the 3’untranslated region (3’UTR) (Knaut et al., 2002; Wolke
et al., 2002; Mishima et al., 2006). For the inherent nature
of vasa 3'UTR, the chimeric mRNA fused fluorescent protein-
coding region to 3’UTR could be microinjected into fertilized
eggs to trace PGCs (Kataokaetal,2006; Ye et al, 2016).
This is a highly efficient, fast, and specific non-transgenic
method for labeling PGCs in vivo and has been used in
a variety of fish species (Yoshizaki et al., 2005; Lin et al,

TABLE 1 | Primers used in the study.

Primer Sequence Purpose
BrvasF CTGATTTCATTGCCACTT ISH probe for detecting
BrvasR ATTGGTGACCTTTATGGA Ssvas MRNA
BrutrF AGGAAATATTAGAGCACA Obtaining black rockfish
BrutrR GCACAAATACTTATTTAT and zebrafish vasa
ZbutrF CTGGCCTCACACCTGTTA 3UTRs by RT-PCR
ZbutrR CACCAGTATCCGTCTTTATT
VeBrF GAGCTGTACAAGTAAAGGAA Obtaining vasa 3'UTR
ATATTAGAGCACA fragments for Gibson
VeBrR GAATTCACTAGTGATGCACAA  assembly
ATACTTATTTAT
VeZbF GAGCTGTACAAGTAACTGGC
CTCACACCTGTTA
VeZbR ATTTCTGCCTATGACCACTA
GCTTAAGGGCGCC
BrvecF ATCACTAGTGAATTCGCG Obtaining vector fragments for
BrvecR TTACTTGTACAGCTCGTC Gibson assembly
ZbvecF ATCGAATTCCCGCGGCCG
ZbvecR CTGCTCGACATGTTCATT
T7 TAATACGACTCACTATAGGG Preparation synthesis
BrutrR GCACAAATACTTATTTAT templates for chimeric mMRNAs
SP6 ATTTAGGTGACACTATAG
ZbutrR CACCAGTATCCGTCTTTATT
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FIGURE 1 | Multiple alignment and phylogenetic analysis of the Vasa between Sebastes schlegelii and other species. (A) Multiple alignment was carried out using
the AlignX program. The eight conserved motifs are shown in block, including | domain (AQTGSGKT), IA domain (PTREL), IB domain (GG), IC domain (TPGRL), Il

domain (DEAD), Ill domain (SAT), IV domain (ARGLD), and V domain (GRTGR). The DEAD-box sequence was indicated in bright red, while Helicase C was in rose
red. (B) The phylogenetic tree of Vasa was established by MEGA4 with neighbor-joining method. The numbers adjacent to nodes indicated bootstrap percentage

value for 1000 replicates.

2012a; Zhou et al.,, 2019). Moreover, the chimeric mRNA from
one species not only labels itself but also can successfully
trace other species, even the genetic highly divergent species.
For example, the chimeric mRNA (GFP-Pmvas 3'UTR) that
contained GFP and the 3’UTR of red seabream (Pagrus major)
could be used to trace migration of PGCs in medaka (Lin
et al., 2012a). However, chimeric mRNA from one species
cannot label PGCs from all species, just as the red seabream
vasa 3'UTR failed to trace turbot PGCs, although they could
label the medaka (Lin et al., 2012a; Zhou et al., 2019). This
indicated that the conserved localization mechanism of vasa
3'UTR may relate to specific functional elements (Knaut et al.,
2002; Kataoka et al., 2006; Zhou et al, 2019). For labeling
ability of vasa 3'UTR, there may be rules to follow. However,
the relevant researches in other species are limited, so it is
still unclear.

Black rockfish (Sebastes schlegelii) is one of the most
important economic rockfishes in the western North Pacific
and inhabits the coastal waters of China, Japan, and Korea
(Kai and Soes, 2009). As a viviparous fish, the embryos
develop in female cavity for 1-2 months until birth (Liu
et al, 2019). In previous research, Sebastes schlegelii vasa
(Ssvas) was only detected and highly expressed in gonad
during the reproductive cycle (Mu et al., 2013). There is
still a lack of detailed research on germ cells during gonadal
formation and development in this viviparous fish species. In
this study, we aimed to describe the origination and migration
pattern of Sebastes schlegelii PGCs in gonad formation process
by vasa and explored the relationship between vasa RNA
early localization and species evolution. Furthermore, we also
identified the germ cells development and maturation process
with vasa, verified the labeling ability of Ssvas 3’UTR in
zebrafish and marine medaka (Oryzias melastigma), and analyzed
the conservative motifs of vasa 3’UTR in comparison with
several other species.

MATERIALS AND METHODS

Fish and Samples

Matured black rockfish used in this study were obtained
from Penglai, China. Ten sexually mature individuals in
November were anesthetized with a 0.05% solution of 3-
aminobenzoic acid ethyl ester methanesulfonate-222 (MS-222)
(Sigma-Aldrich, United States). The tissues of ovary and
testis were rapidly removed. Some samples were immediately
immersed in liquid nitrogen for ¢DNA synthesis, while
others were fixed overnight with 4% paraformaldehyde
in phosphate-buffered saline (PBS) and then preserved
in 70% ethanol for section in situ hybridization (SISH).
Twenty sexually mature females in April to May were also

anesthetized with MS-222. Moreover, the embryos of different
development stages in the ovary were removed and fixed
by 4% paraformaldehyde in PBS overnight and stored at
—20°C in PBS with 50% formamide for whole mount in situ
hybridization (WISH).

One-year-old and hatching fry of black rockfish were reared
at Shenghang Sci-Tech Co., Ltd. (Shandong Province, China).
The testes and ovaries of six 1-year-old individuals were removed
after anesthesia and fixed in 4% paraformaldehyde as above.
Starting from hatching, about 20 hatched fry were fixed with
4% paraformaldehyde every day for 1 month. After 1 day of
fixation, the gonadal tissue samples and fry were stored at 70%
ethanol for SISH.

All experiments were performed in accordance with the
relevant national and international guidelines and approved by
the Institutional Animal Care and Use Committee, Institute of
Oceanology, Chinese Academy of Sciences.

Sequence Analyses

A homology search of the amino acid sequence of Ssvas
was carried out using the National Center for Biotechnology
Information website'. The amino acid sequences were aligned
using the AlignX program in Vector NTI, Suite 8 software
package (Life Technologies). Phylogenetic analysis was
conducted with Mega4 software using the neighbor-joining
method, and the bootstrap replicates were set to 1,000 (Saitou
and Nei, 1987). Some potential regulatory motifs in the
3’UTRs of teleost vasa were searched by MEME motif analysis
(Bailey and Elkan, 1994).

In situ Hybridization
Total RNA was extracted from the ovaries of Sebastes schlegelii
using RNA fast 200 (Fastagen, China). In accordance with
the manufacturer’s instructions, the first-strand ¢cDNA was
synthesized by the PrimeScript™ RT reagent kit with gDNA
Eraser (Takara, Japan). Then, the cDNA was stored at —20°C as a
probe synthesis template.

vasa mRNA distribution was detected in embryo and tissue
by in situ hybridization (ISH), and the protocols followed
the methods described previously (Lin et al, 2012b), with
a few modifications as detailed below. Briefly, the 857 bp
Ssvas fragment (nucleotides 1,540-2,396 bp; accession no.
JN634874) was inserted into pGEM-T Easy vector (Promega,
Madison, WI). The primers are shown in Table 1. Sense
and antisense RNA probes were synthesized by in vitro
transcription from a vector under the drive of the T7 or
SP6 promoter with the DIG RNA Labeling Kit (Roche,
Mannheim, Germany). The RNA probes were treated with
RNase-free water and purified with SigmaSpin™ Sequencing

Thttp://www.ncbinlm.nih.gov/
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FIGURE 2 | The expression pattern of Ssvas during embryogenesis was analyzed with WISH. All blastomeres were strongly stained at the blastula stage (A). The
signal in the cell became non-uniform at the 30%-epiboly stage (B). Ssvas-positive cells appeared at the 70% epiboly stage (C). PGCs randomly aligned along the
anterior of the body axes at the 90% epiboly stage—early neurula stage (D) and lined along the anterior—posterior axis on both sides of the embryonic body at the
somite stage (E). PGCs formed two clusters and aligned bilaterally on the ventral side at heart beating stage (F,G) and localized at the dorsal sides of the gut, ventral
side of notochord at hatching Sage (H,l). Black arrowheads indicated Ssvas-positive cells (PGCs) (stained with dark purple or blue). Scale bar, 100 um.

Reaction Clean-Up (Sigma-Aldrich). ISH was conducted by
chemical stain with BCIP/NBT substrates on whole mount and
sections samples.

For WISH, embryos were dechorionated, and dehydrated
and rehydrated through a graded series of methanol after
being taken out from 50% formamide in PBS. The embryos
were digested with proteinase K (10 pg/ml) (5-10 min for
embryo < 24 h; 15-30 min for embryo > 24 h) and refixed before
hybridization. For SISH, samples were dehydrated through
a graded series of ethanol, embedded in paraffin wax, and
cut into 5 pm-thick sections for testis and 7 pwm for ovary.
The sections were de-waxed using two washes of xylene and
rehydrated through an ethanol gradient. After being washed
with PBST, they were refixed using 4% paraformaldehyde
in PBS and digested with proteinase K (10 pg/ml) for
10 min. The WISH and SISH were performed with the
probes at 65°C for 14 h. Stained samples were observed and
photographed through a Nikon ENi microscope, using a Nikon
DS-Ri2 imaging system.

Prepare of EGFP-Ssvasa 3’'UTR and

mCherry-Drvasa 3'UTR mRNAs

Chimeric mRNAs which fused EGFP or mCherry to the
3'UTR of Sebastes schlegelii or Danio rerio vasa gene were
synthesized by in vitro transcription, and the protocols followed
the methods described previously (Zhou et al, 2019). The
main process is as follows: firstly, template plasmids were
constructed using Gibson assembly, and the 3'UTRs of EGFP-
Pmvasa 3’UTR and mCherry-Omvasa 3'UTR plasmids in
our lab were replaced by wvasa 3'UTRs of black rockfish
and zebrafish, respectively. Then, according to the plasmids,
the transcription templates were synthesized by PCR. After
purification, capped chimeric mRNAs were synthesized using
mMESSAGE mMACHINE SP6/T7 kit (Ambion, United States).
The primers for preparing mRNAs are also shown in Table 1.
In the previous study, the EGFP-Pmvasa 3’ UTR and mCherry-
Omvasa 3'UTR mRNAs that contained red seabream and
marine medaka vasa 3'UTRs have been synthesized in our lab
(Zhou et al., 2019).
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(A1,B1,C1,D1,E1); 50 um (A2,B2,C2,D2,E2,E3).

FIGURE 3 | The PGCs migration after birth of Sebastes schlegelii. (A1-E2) were tissue sections with H&E stain. (E3) was SISH corresponding to (E2). PGCs were
located in the upper part of the body cavity under the notochord at 2 dab, sagittal sections (A1,A2) and covered by a single-layer somatic cell at 8 dab, coronal
sections (B1,B2). PGCs migrated to the genital ridge at 9 dab, sagittal sections (C1,C2) and formed elongated gonadal primordia at 10 dab, sagittal sections
(D1,D2). Distinct primordial gonads were discovered in the posterior part of the body cavity (E1,E2), and the PGCs were strongly stained with the Ssvas antisense
probe by SISH at 15 dab, sagittal sections (E3). Black arrowheads indicated PGCs; G and K indicated gut and kidney, respectively. Scale bar, 100 um

Microinjection and Observation

Zebrafish and marine medaka were maintained at 28 £ 0.5°C
(16 h light/8 h dark) at the fish facility of the Institute of
Oceanology, Chinese Academy of Sciences. The marine medaka
is a truly euryhaline species closely related to the medaka.
Embryos were collected within 30 min after fertilization. To
verify the labeling ability of Ssvas 3’UTR in zebrafish and
marine medaka, the EGFP-Ssvasa 3'UTR and mCherry-Drvasa
3’UTR mRNAs were co-injected into zebrafish embryos at the
1-2 cell stage, and the EGFP-Ssvasa 3'UTR and mCherry-
Omvasa 3'UTR mRNAs were co-injected into marine medaka
embryos in the same manner. Similarly, to compare the ability
of vasa 3'UTRs among Sebastes schlegelii and other teleost
in marking zebrafish PGCs, the EGFP-Pmvasa 3'UTR and
mCherry-Omvasa 3'UTR mRNAs were also microinjected into
zebrafish embryos as above. Microinjected eggs were cultured
in a biochemical incubator with 28°C for EGFP or mCherry

observation and photography under fluorescent microscope
(Nikon ENi, Japan) at different stages. The microscope
equipped with a FITC filter or a TRITC filter and a DS-
Ri2 imaging system.

RESULTS

Structure and Phylogenetic Analysis of

Sebastes schlegelii Vasa Protein

The full-length cDNA of Ssvas had been isolated in the previous
research. In this study, multiple alignment of different fish Vasa
proteins showed that there were eight consensus motifs (I, IA, IB,
IC, IL, 1L, IV, V) in the DEAD-box protein family (Figure 1A).
This also revealed that the DEAD domain was composed
of 180 amino acids and the superfamily Helicase C-terminal
(Helicase C) of 77 amino acids, which had high similarity
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FIGURE 4 | Schematic illustration of the germline formation process in Sebastes schlegelii. Dark purple spots indicated PGCs signals. (A-H) The migration of PGCs
from embryos in female fish after fertilization. (A) The overall appearance of the female after fertilization; (B) blastula stage; (C) 30% epiboly stage; (D) 70% epiboly
stage; (E) 90% epiboly stage—early neurula stage; (F) somite stage; (G) heart beating stage; (H) hatching stage. (I-M) The migration of PGCs from larvae after birth.
(I) The larvae were born from mature females; (J) 2 dab; (K) 8 dab; (L) 9 dab; and (M) 10-15 dab.

e

in teleost (Figure 1A). The Sebastes schlegelii presented Vasa
typical conserved domains (Figure 1A). Phylogenetic analysis
of Vasa protein exhibited that Sebastes schlegelii belonged to
Euteleostei species (Figure 1B). In phylogeny, compared to
Osteriophysans species like Danio rerio, Sebastes schlegelii was
closer to some Euteleostei fish, such as Thunnus orientalis,
Scophthalmus maximus, Pagrus major, Oryzias latipes, and
Oncorhynchus mykiss (Figure 1B).

Spatial Localization of Ssvas RNA During
Embryogenesis

The expression pattern of vasa during embryogenesis was
analyzed by WISH. At the blastula stage, all blastomeres were
strongly stained, without the four cell clusters like zebrafish
(Figure 2A). In Sebastes schlegelii, the Ssvas transcripts failed
in early localization during the cleavage stage. As the embryo
developed, the distribution of the signal in the cell became non-
uniform, and the areas of embryonic shield seemed to be darker
than the rest at the 30% epiboly stage (Figure 2B). Until the
70% epiboly stage, some Ssvas-positive cells firstly appeared at
the germ ring of the epiboly bottom (Figure 2C). According to

morphology, these positive cells were early PGCs. At the 90%
epiboly stage to early neurula stage, the PGCs gathered on the
dorsal side of the narrow embryonic body and randomly aligned
along the anterior of the body axes (Figure 2D). Then, they
moved posterior-ward and lined along the anterior-posterior axis
on both sides of the embryonic body at somite stage (Figure 2E).
These cells formed two clusters and aligned bilaterally on the
ventral side at heart beating stage (Figures 2F,G). Finally, the
PGCs localized at the dorsal sides of the gut, ventral side of
notochord at the hatching stage (Figures 2H,I).

The PGC Migration After Birth of

Sebastes schlegelii

The PGCs underwent a post-birth migration in Sebastes schlegelii.
PGCs are characterized by large cell size and obvious nuclei,
which are easily distinguished with somatic cells on tissue
sections. At 2 days after birth (dab), PGCs localized in the
upper part of the body cavity under the notochord, around
the dorsal peritoneum (Figures 3A1,A2). A part of PGCs were
covered by a single layer somatic cell at 8 dab (Figures 3B1,B2).
PGCs surrounded by single somatic cells were found to migrate
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FIGURE 5 | Continued
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100 wm (A1-C4,D3-D5); 200 um (D1,D2).

FIGURE 5 | Distribution of Ssvas transcripts in gonad germ cells by SISH. Paraffin section and H&E of ovaries in 1-year-old (A1) and sexually mature black rockfish
(B1), respectively. (A2) Adjacent tissue section of the black box in (A1) was hybridized with the Ssvas antisense probe. (B2) Adjacent tissue section of (B1) was
hybridized with the Ssvas antisense probe. (B3) The paraffin section of the ovary was hybridized with the Ssvas sense probe. The paraffin section and H&E of testis
in 1-year-old (C1) and sexually mature black rockfish (D1), respectively. (C2,D2) Adjacent tissue sections of (C1,D1) were hybridized with the Ssvas antisense
probe, respectively. (C3,D3) The high-magnification image of the black boxes in (C2,D2), respectively. (C4-D4) The high-magnification image of the black boxes in
(C1,D1), respectively. (D5) The paraffin section of testis was hybridized with the Ssvas sense probe. Og, oogonia; |, early previtellogenic phase; I, late previtellogenic
phase; Ill, early vitellogenic phase; Sg, spermatogonia; Sc1, primary spermatocytes; Sc2, secondary spermatocytes; St, spermatids; Sz, spermatozoon. Scale bar,

to the genital ridge at 9 dab (Figures 3C1,C2). By 10 dab,
three PGCs were completely surrounded by somatic cells and
arranged in a row to form elongated gonadal primordia, which
appeared under the ventral kidney and dorsal sides of the
gut (Figures 3D1,D2). Until 15 dab, the distinct primordial
gonads were discovered in the posterior part of the body
cavity, and the PGCs in gonads were strongly stained with
Ssvas antisense probe by SISH (Figures 3E1-E3). Through
the identification of Ssvas, the germline formation process of
Sebastes schlegelii was summarized, as shown in the schematic
illustration (Figure 4).

Localization of Ssvas RNA in Gonads

The localization of Ssvas RNA was investigated in fish gonads
by SISH. In accordance with adjacent histology, the stages of
stained cells were identified. For 1-year-old black rockfish, in
the ovary, there were mainly oogonia, early previtellogenic phase
(I), and late previtellogenic phase (II) (Figure 5A1). Ssvas-
specific expression was observed in all germ cells but not somatic
cells (Figure 5A2). In oogonia, Ssvas mRNA was distributed
evenly in the cytoplasm (Figure 5A2). In I-II oocytes, Ssvas
transcripts were concentrated into several patches primarily
in the perinuclear region (Figure 5A2). For sexually mature
females, Ssvas transcripts were researched throughout oogenesis
and showed a dynamic localization pattern in the ovary. A large
number of early vitellogenesis phase (III) oocytes were present
in the November individuals, but there was no Ssvas expression
(Figures 5B1,B2). The tissue section hybridized with the sense
probe was not stained, proving that this signal represents the
expression of Ssvas (Figure 5B3).

Histological sections of the testis demonstrated that Sebastes
schlegelii was lobular-type (Figures 5C1, D1). In the testis of
1-year-old black rockfish, there were spermatogonia, primary
spermatocytes, secondary spermatocytes, and spermatids,
without spermatozoon (Figure 5C4). For sexually mature
males more than 3 years old, a lot of spermatozoon were found
(Figure 5D4). The testis was composed of many testicular
lobules, and the Ssvas signals were only present in spermatogonia
and primary spermatocytes, which localized at the edge of
the lobules and spread throughout the whole testis except the
vas deferens (Figures 5C2,D2). The signals in matured testis
were significantly weaker than 1-year-old testis because Ssvas
transcripts were predominantly detected in early germ cells,
such as spermatogonia and spermatocytes, and no signal was
detected in spermatids and spermatozoon (Figures 5C3,D3). As
control, the tissue section hybridized with the sense probe was
not stained (Figure 5D5).

Visualization the PGCs of Zebrafish and
Marine Medaka by Sebastes schlegelii
vasa 3'UTR

In order to confirm that the labeling ability of Sebastes schlegelii
vasa 3'UTR, EGFP-Ssvasa 3'UTR mRNA and mCherry-Drvasa
3’UTR mRNA were co-microinjected into zebrafish 1-2 cell stage
fertilized eggs. After microinjection, mCherry and EGFP firstly
expressed in the blastoderm at the 30-50% epiboly stage, and
bright fluorescence accumulated in the area where the embryonic
shield formed (Figures 6A1-A3). As embryogenesis proceeded,
fluorescence concentrated on the embryonic body was more
obvious, but PGCs were not distinguished from somatic cells
until the early segmentation period. At the somite stage, as the
fluorescence of somatic cells reduced gradually, some brighter
cells moved and gathered on both sides of embryonic body
(Figures 6B1-B3). The rounder and larger fluorescent cells were
PGCs. PGCs migrated axial-ward and aggregated under the trunk
at the heart beating stage (Figures 6C1-C3). Eventually, PGCs
settled on the dorsal part of the gut at one day after hatching
(Figures 6D - D3).

In the same way, the EGFP-Ssvasa 3'UTR and mCherry-
Omvasa 3'UTR mRNAs were co-microinjected into marine
medaka embryos. EGFP and mCherry firstly appeared at the
30% epiboly stage (Figures 6E1-E3). At the somite stage, some
cells with strong fluorescence aligned on both sides of the trunk
from the first somite to tail bud region (Figures 6F1-F3). These
fluorescent cells were PGCs.

Oryzias melastigma and Pagrus major
vasa 3'UTRs Labeling Zebrafish PGCs

To compare the labeling ability of vasa 3'UTRs among Sebastes
schlegelii and other teleost in marking zebrafish PGCs, the
chimeric mRNAs of EGFP-Pmvasa 3'UTR and mCherry-
Omvasa 3'UTR were also microinjected into zebrafish fertilized
eggs. The mCherry and EGFP fluorescence firstly appeared
in blastoderm at the early gastrula stage after microinjection
(Figures 7A1-A3). A high level of fluorescence expression was
found in the zebrafish embryonic body at the early somite
stage (Figures 7B1-B3), but PGCs were not distinguished
from somatic cells during the whole embryonic development
(Figures 7C1-D3). In order to avoid misjudgment of results, a
large number of embryos at heart beating stage were observed
(Figures 7C2',C3’). Although some fluorescent aggregates were
found in the extension of the yolk sac at heart beating stage
and 1 day after hatching, PGCs could not be distinguished
(Figures 7C1-C3, D1-D3).
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FIGURE 6 | Visualization of the PGCs of zebrafish and marine medaka by Sebastes schlegelii vasa 3'UTR. (A1-D3) Visualization of zebrafish PGCs by
co-microinjection EGFP-Ssvas 3'UTR and mCherry-Drvasa 3'UTR mRNAs. Fluorescence first expressed in the blastoderm at the 30-50% epiboly stage (A1-A3);
PGCs differentiated from somatic cells and gathered on both sides of the embryonic body at the somite stage (B1-B3); PGCs aggregated under the trunk at the
heart beating stage (C1-C3) and settled on the dorsal part of the gut at 1 day after hatching (D1-D3). (E1-F3) Visualization marine medaka PGCs by
co-microinjection of EGFP-Ssvas 3'UTR and mCherry-Omvasa 3'UTR mRNAs. Fluorescence appeared at the 30% epiboly stage (E1-E3) and PGCs aligned on
both sides of the trunk at the somite stage (F1-F3). The insets in F2 and F3 were magnification of signal areas. PGCs were indicated by white arrows. Scale bars,
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FIGURE 7 | The ability of Oryzias melastigma and Pagrus major vasa 3'UTRs in labeling zebrafish PGCs. The EGFP-Pmvasa 3'UTR and mCherry-Omvasa 3'UTR
mRNAs were co-microinjection into zebrafish embryos. Fluorescence appeared at the early gastrula stage (A1-A3) and highly expressed in the embryonic body at
the early somite stage (B1-B3); PGCs did not differentiate from somatic cells at the heart beating stage (C1-C3) and 1 day after hatching (D1-D3). View of the
embryos of the heart beating stage in a wide range (C2’,C3’). Scale bars, 100 pum.

Phylogenetic Analysis and MEME Motifs

Analysis in Teleost vasa 3'UTRs

The teleost of Sebastes schlegelii, Pagrus major, Oryzias latipes,
Oryzias melastigma, and Danio rerio were comparative
analysis in this study. Phylogenetic analysis showed that
Sebastes schlegelii and Pagrus major were clustered in
one clade, while Oryzias latipes and Oryzias melastigma
were clustered in one clade, both of which belonged to
Euteleostei species (Figure 8A). And Danio rerio was
grouped into a single branch, belonging to Osteriophysans
species (Figure 8A).

M1-M20 motifs of vasa 3’UTRs were compared among
the five teleost species. Sebastes schlegelii and Pagrus major

had more similar conservative elements, while Oryzias
latipes and Oryzias melastigma had more similar motifs
(Figures 8B,C). Moreover, Danio rerio showed obvious

different motifs with above species (Figures 8B,C). The
results of MEME analysis were totally consistent with
those of the phylogenetic analysis. However, in comparison
with other three species, the motifs of M10, MI12, and
M19 specifically existed in Sebastes schlegelii and Danio
rerio (Figures 8B,C).
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FIGURE 8 | Phylogenetic analysis and MEME motifs analysis in teleost vasa 3'UTRs. (A) Phylogenetic analysis of teleost vasa 3'UTRs by MEGA4. (B,C)
Conservative functional motifs analysis in teleost vasa 3'UTRs by MEME. The twenty motifs designated as M1-M20 were indicated by different color codes (B), and
every color code represented motif consensus (C). The motifs of M10, M12, and M19 marked with asterisks were only localized in Danio rerio and Sebastes

schlegelii rather than the other three species.

DISCUSSION

The present study reported that the vasa identified the germline
in Sebastes schlegelii. The Sebastes schlegelii Vasa protein

possessed typical conserved domains of the DEAD-box protein
family. By WISH, the Ssvas mRNA distributed uniformly
throughout each blastomere at the blastula stage, failing in
early localization during the cleavage stage. It was not until the
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late gastrula stage that PGCs gradually formed and randomly
aligned along the anterior of the body axes. Then, PGCs moved
posterior-ward and lined both sides of the embryonic body at
the somite stage, and localized at the dorsal sides of the gut
and ventral side of notochord at hatching stage. After birth,
PGCs localized in the upper part of the body cavity. They
were covered by single-layer somatic cells, migrated to the
genital ridge, and formed elongated gonadal primordia in the
posterior part of the body cavity at 10 days. The migration
routes and final location of PGCs during embryogenesis were
similar to medaka (Shinomiya et al., 2000). Moreover, the time
of primordial gonad formation of the viviparous economic fish
after birth was earlier than most of oviparous fish such as
turbot, Japanese flounder, and rainbow trout after hatching,
which might be related to the long embryonic development
time of viviparous fish in vivo (Fernandez et al., 2015; Zhao
et al, 2017; Yang et al., 2018). This study firstly described
the origination and migration pattern of PGCs in viviparous
marine economic fish.

Medaka, rainbow trout, and rainbowfish (Melanotaenia
fluviatilis) belonged to Euteleostei species, in which the vasa
transcripts failed to localize at the cleavage furrows (Knaut
et al., 2002). However, in the other Euteleostei, including turbot
(Lin et al., 2012b), ukigori (Saito et al., 2004) and Atlantic cod
(Presslauer et al., 2012), vasa mRNA is located at the edge of
the first two cleavage furrows, which was similar to that reported
in Osteriophysans species, such as zebrafish and carp (Cyprinus
carpio) (Knaut et al., 2002). We found that the black rockfish was
another new viviparous species that lacked the early localization
ability in Euteleostei. Although black rockfish, medaka, Atlantic
cod, and turbot were closely related in phylogeny, the vasa RNA
early localization modes were totally different. This indicated that
early germ plasm distribution and PGCs origination in different
species had no direct relationship with evolution.

It has been proven that the 3’'UTR of vasa plays a critical
role for the stabilization of chimeric RNA in PGCs but not in
somatic cells (Knaut et al., 2002; Wolke et al., 2002; Kataoka et al.,
2006; Mishima et al., 2006). Visualization fish PGCs in vivo could
be achieved by chimeric RNA fused fluorescent protein coding
sequence to vasa 3'UTR (Knaut et al., 2002; Lin et al., 2012a; Ye
et al., 2016). This labeling function of vasa 3'UTR was relatively
conservative, and the PGCs of one species could be labeled by
3'UTRs from highly diverged taxonomic groups (Yoshizaki et al.,
2005; Saito et al.,, 2006; Zhou et al., 2019). For example, PGCs
of rainbow trout could be visualized by vasa 3'UTRs from both
Nibe croaker (Nibea mitsukurii) and zebrafish (Yoshizaki et al.,
2005). Also, the turbot PGCs could be traced by vasa 3’UTR
from zebrafish (Zhou et al., 2019). However, the chimeric mRNA
of the medaka (GFP-olvasa 3'UTR mRNA) failed to label the
PGCs in zebrafish or loach (Misgurnus anguillicaudatus) embryos
(Saito et al., 2006). The previous study proved that zebrafish
had a 180-nucleotide element that encompassed the second
conserved region of the vasa 3'UTR, which was sufficient for vasa
mRNA localization to the germ plasm, while medaka lacked this
region (Knaut et al., 2002). In this study, we firstly discovered
that the vasa 3’UTR of black rockfish could be used to mark
both zebrafish with early localization and medaka without early

localization, while the vasa 3'UTR of red seabream and marine
medaka that lacked early localization (article in publishing)
failed to trace the PGCs of zebrafish. These results indicated
that the vasa 3'UTRs of teleost showed a difference in labeling
zebrafish PGCs, which may depend on the specific functional
motifs in 3'UTR.

Therefore, we compared the twenty most important motifs
of vasa 3'UTRs between black rockfish and other four typical
fish species. We discovered that, although the black rockfish had
the further genetic relationship with zebrafish than other four
species in phylogeny, besides some basal motifs similar to the
other four specie, there were three motifs of M10, M12, and M19
specifically presented in zebrafish which only existed in black
rockfish rather than the other three species. These three specific
motifs might partially explain why only the vasa 3'UTR of black
rockfish was able to successfully trace PGCs in zebrafish. All of the
above results also indicated that the vasa 3’ UTR must possess the
essential motifs that play an important role in tracing the PGCs
instead of phylogenetic relationships.

In conclusion, we described the expression pattern of Ssvas
during germ cell origination, development, and maturation
process. We firstly reported a viviparous marine economic
fish species which failed in early localization until the late
gastrula stage. Interestingly, the vasa 3’UTR of black rockfish
could be used to label PGCs of zebrafish and marine medaka,
representing two different typical origination and migration
patterns. Compared to other three Euteleostei species, we
found that besides some basal motifs, black rockfish had three
motifs just presented in zebrafish. Therefore, we speculated
that these motifs might play an important role in labeling
zebrafish PGCs. The results of this study will improve our
understanding of the localization of the germplasm component
and the origination of PGCs in teleost and facilitate germ
cell manipulation.
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Vitellogenesis is pre-requisite to insect egg production and embryonic development after
oviposition. During insect vitellogenesis, the yolk protein precursor vitellogenin (Vg) is
mainly synthesized in the fat body, transported by the hemolymph through the intercellular
spaces (known as patency) in the follicular epithelium to reach the membrane of maturing
oocytes, and sequestered into the maturing oocytes via receptor-mediated endocytosis.
Insect vitellogenesis is governed by two critical hormones, the sesquiterpenoid juvenile
hormone (JH) and the ecdysteriod 20-hydroxyecdysone (20E). JH acts as the principal
gonadotropic hormone to stimulate vitellogenesis in basal hemimetabolous and most
holometabolous insects. 20E is critical for vitellogenesis in some hymenopterans,
lepidopterans and dipterans. Furthermore, microRNA (miBRNA) and nutritional (amino
acid/Target of Rapamycin and insulin) pathways interplay with JH and 20E signaling
cascades to control insect vitellogenesis. Revealing the regulatory mechanisms
underlying insect vitellogenesis is critical for understanding insect reproduction and
helpful for developing new strategies of insect pest control. Here, we outline the recent
research progress in the molecular action of gonadotropic JH and 20E along with the
role of MIRNA and nutritional sensor in regulating insect vitellogenesis. We highlight the
advancements in the regulatory mechanisms of insect vitellogenesis by the coordination
of hormone, miRNA and nutritional signaling pathways.

Keywords: vitellogenin, juvenile hormone, ecdysone, nutrition, insect reproduction

INTRODUCTION

A hallmark of female insect reproduction is vitellogenesis, a heterosynthetic process by which
vitellogenin (Vg) is mostly synthesized in the fat body and deposited into developing oocytes.
In addition to the fat body, Vg synthesis has been reported in follicle cells (Gilbert et al., 1998),
nurse cells (Melo et al., 2000; Matsumoto et al., 2008) and hemocytes (Bai et al., 2015; Huo et al,,
2018) in several insect species. Vg is critical for egg maturation during adulthood and embryonic
growth after oviposition. In the honey bee Apis mellifera, Vg also protects the queen and long-
lived worker bees from oxidative stress and further extends their life span (Seehuus et al., 2006;
Corona et al., 2007; Thle et al., 2015). Additionally, Vg plays a role in sensing fat body sugars and
gustatory perception in the worker bees (Amdam et al., 2006; Wang et al., 2012, 2013). Furthermore,
A. mellifera Vg acts as a pathogen recognition receptor and transports pathogen-derived molecules
into the offspring to achieve trans-generational immunity (Garcia et al., 2010; Salmela et al., 2015;
Zhang et al,, 2015). In the small brown planthopper Laodelphax striatellus, Vg synthesized by
hemocytes can facilitate the vertical transmission of rice stripe virus (Huo et al., 2018). The number
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of Vg genes among different insect species ranges from one to
three in general, while the mosquito Aedes aegypti and the ant
Linepithema humile possess up to five Vg genes (Corona et al,,
2013) (Supplementary Table 1). The presence of multiple copies
of Vg genes and multiple forms of Vg protein in insects is unclear.
It is conceivable that two or more copies of Vg gene ensure
the efficient production of yolk protein precursors required for
the maturation of multiple eggs. The variation of Vg gene and
protein in diverse insect species might reflect the evolutionary
selection and the strategy of adaptation to environment (Garcia
etal., 2010). Vg protein is a large glycolipophosphoprotein that is
often oligomeric in their native state, with monomers consisting
of two or more subunits (apoproteins). The molecular weights
vary from 150 kDa to 200 kDa for large subunits and from
40 kDa to 65 kDa for small subunits, respectively (Lee et al.,
2015). Vg protein sequences are evolutionarily conserved across
insect orders except for yolk proteins (YPs) in Diptera. In the
fruit fly Drosophila melanogaster, YPs form a different family of
proteins to nurse maturing oocytes. Vg is generally composed
of a lipoprotein N-terminal domain (LPD_N) for lipid binding,
a 1943 domain with unknown function (DUF1943), and a von
Willebrand factor type D domain (VWEFD) in the C-terminus
(Morandin et al., 2014). LPD_N has a conserved polyserine tract
possessing consensus cleavage motifs (R/xXXR/x) (Tufail and
Takeda, 2008). Vg proteins are phosphorylated at the polyserine
tract, but the function of Vg phosphorylation remains elusive
(Tufail and Takeda, 2008).

Cumulative studies have established that insect vitellogenesis
is controlled by two classic hormones, the sesquiterpenoid
juvenile hormone (JH) and the ecdysteroid 20-hydroxyecdysone
(20E, an active form of ecdysone). Both JH and 20E can
stimulate various aspects of vitellogenesis but vary across insect
orders depending on reproductive traits (Wyatt and Davey, 1996;
Raikhel et al., 2005; Roy et al., 2018; Santos et al., 2019; Song
and Zhou, 2020). In evolutionarily primitive hemimetabolous
insects such as the migratory locust Locusta migratoria and the
German cockroach Blattella germanica, JH acts independently
of 20E to stimulate vitellogenesis and oocyte maturation (Wyatt
and Davey, 1996; Belles, 2004; Roy et al., 2018; Song and Zhou,
2020). In holometabolous coleopteran like the red flour beetle
Tribolium castaneum, JH governs Vg synthesis in the fat body
while 20E participates in ovarian growth and oocyte maturation
(Parthasarathy et al., 2010a,b; Sheng et al., 2011). In many
lepidopterans including the tobacco hornworm Manduca sexta
and the cotton bollworm Helicoverpa armigera, in which Vg
synthesis is initiated in adults, JH plays a principal role in
vitellogenesis (Swevers and Iatrou, 2003; Telfer, 2009). However,
in other lepidopterans such as the silkworm Bombyx mori, the
silk moth Hyalophora cecropia, and the armyworm Spodoptera
frugiperda, in which Vg is synthesized prior to adult ecdysis,
20E appears to have a primary role in vitellogenesis (Swevers
and Iatrou, 2003; Telfer, 2009). In the mosquito Ae. aegypti,
JH promotes fat body becoming competent for Vg synthesis,
while 20E stimulates Vg expression and oocyte maturation
after a blood meal (Raikhel et al., 2002; Shin et al,, 2012). In
D. melanogaster, 20E is responsible for the high rate of Vg
synthesis in the fat body and JH controls Vg uptake into oocytes

(Bownes, 1990; Carney and Bender, 2000; Berger and Dubrovsky,
2005).

Nutrients play a pivotal role in insect vitellogenesis. As
nutritional sensors, the amino acid/Target of Rapamycin
(AA/TOR) and insulin (or insulin-like peptide, ILP) are involved
in biosynthesis of JH and 20E and crosstalk with JH and
20E pathways, which in turn regulate various aspects of insect
vitellogenesis (Badisco et al., 2013; Hansen et al., 2014; Smykal
and Raikhel, 2015; Roy et al., 2018). Furthermore, recent studies
have revealed an essential role of microRNA (miRNA) in the
regulation of insect vitellogenesis (Roy et al.,, 2018; Song and
Zhou, 2020). Hence, this review covers the present status of
our understanding in the regulatory mechanisms of insect
vitellogenesis including Vg synthesis in the fat body and uptake
in the ovary.

REGULATION OF Vg SYNTHESIS IN THE
FAT BODY

Insect fat body, analogous to the vertebrate liver and adipose
tissue, is the major source for Vg synthesis. Recently, research
advancements have been achieved in the molecular mechanisms
of Vg synthesis regulated by JH, 20E, miRNA and nutritional
pathways. For the regulatory mechanisms of 20E, AA/TOR and
peptides in insect vitellogenesis and oogenesis, we refer readers
to three recent reviews (Roy et al., 2018; Lenaerts et al., 2019;
Swevers, 2019). Here, we outline the recent accomplishments in
regulating Vg synthesis in the fat body, with the emphasis on the
role of JH, miRNA and ILP pathways (Figure 1).

JH Action on Vg Synthesis

The molecular action of JH relies on its intracellular receptor
Methoprene-tolerant (Met), a member of basic helix-loop-
helix Per-Arnt-Sim (bHLH-PAS) transcription factor family. JH
induces the heterodimerization of Met with another bHLH-
PAS protein, Taiman (Tai) to form an active JH-receptor
complex (Jindra et al., 2013). The JH-Met/Tai receptor complex
consequently activates the transcription of JH-responsive genes
(Charles et al, 2011; Li et al,, 2011; Kayukawa et al., 2012;
Guo et al, 2014; Jindra et al., 2015; Wu et al., 2016, 2018;
Wang Z. et al,, 2017). In adult insects, JH requires the Met/Tai
complex to achieve its previtellogenic and vitellogenic effects on
fat body competency and Vg synthesis (Zou et al., 2013; Guo
et al., 2014; Gujar and Palli, 2016; Wang Z. et al., 2017). RNAi-
mediated knockdown of Met resulted in significant reduction of
Vg expression level accompanied by arrested oocyte maturation
and blocked egg production in a variety of investigated insects
including T. castaneum, L. migratoria, H. armigera, the linden
bug Pyrrhocoris apterus, the brown planthopper Nilaparvata
lugens, the oriental fruit fly Bactrocera dorsalis, and the white-
backed planthopper Sogatella furcifera (Parthasarathy et al,
2010b; Shpigler et al., 2014; Smykal et al., 2014; Song et al., 2014;
Lin et al., 2015; Ma et al., 2018; Yue et al., 2018; Hu et al., 2019).
In L. migratoria, P. apterus, and Ae. aegypti, depletion of Tai or
its orthologs FISC and p160/SRC led to significantly declined
levels of Vg transcripts along with blocked oocyte development
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FIGURE 1 | Molecular basis of Vg synthesis in the fat body. JH receptor complex Met/Tai directly regulates the transcription of target genes encoding Kr-h7 and the
polyploidy genes (including DNA replication and cell cycle genes). 20E receptor complex EcR/USP directly activates the expression of 20E-responsive genes.
Nutritional signaling is involved in Vg production in the fat body by interplay with JH or 20E. In addition, miRNA participates in JH- or 20E-dominant Vg synthesis in the
fat body. These factors directly or indirectly regulate Vg transcription and vitellogenesis.

(Smykal etal., 2014; Wang Z. et al., 2017). Kriippel-homolog 1 (Kr- ~ genes, chromosome maintenance genes 3, 4, 7 (Mcm3, Mcm4,
h1), a primary JH early-response gene that codes for a zinc finger ~ and Mcm?7), cell-division-cycle 6 (Cdc6), cyclin-dependent kinase
transcription factor, transduces JH signaling in regulating adult 6 (Cdk6) and adenovirus E2 factor-1 (E2fI) expressed in
reproduction (Kayukawa et al., 2012; Shin et al., 2012; Song et al.,  response to both JH and Met (Guo et al, 2014). Further
2014). The role of Kr-hl in insect vitellogenesis varies among  studies revealed that the JH-Met/Tai receptor complex bound
insect species. In L. migratoria, B. dorsalis, and the rice stem  to the consensus sequences with E-box or E-box-like motifs
borer Chilo suppressalis, Kr-hl mediates JH action to promote  in the promoters of Mcmd4, Mcm7, Cdc6, Cdk6, and E2fI
vitellogenesis and oocyte maturation (Song et al, 2014; Yue  and activated their transcription. Knockdown of Mcm4, Mcm?7,
et al., 2018; Tang et al., 2020). In Ae. aegypti, Kr-h1 transduces  Cdc6, Cdk6, or E2fl in vitellogenic female locusts resulted
JH signaling as both activator and repressor to regulate the in significant reduction in fat body cell ploidy, accompanied
expression of JH-responsive genes involved in previtellogenic =~ by markedly reduced Vg expression levels, arrested oocyte
development, consequently regulating egg production after a  maturation and impaired egg production (Guo et al, 2014;
blood meal (Shin et al., 2012; Zou et al., 2013; Ojani et al., 2018).  Wu et al,, 2016, 2018). Interestingly, depletion of Met had no
In T. castaneum, depletion of Met caused more than 80% decrease  significant effect on other genes upregulated by JH (Guo et al,,
of Vg mRNA levels, whereas Kr-h1 knockdown resulted in about ~ 2014), suggesting the involvement of other signaling cascades
30% reduction of Vg transcripts (Parthasarathy et al., 2010b). In  that interplay with JH. Next, Wu et al. (2020) demonstrated that
P. apterus, knockdown of Met or Tai but not Kr-h1 suppressed  JH stimulated FoxO dephosphorylation through leucine carboxyl
Vg synthesis in the fat body (Smykal et al., 2014). In the common ~ methyltransferase 1 (LCMT1)-mediated activation of protein
bed bug Cimex lectularius, Kr-hl knockdown appeared to have  phosphatase 2A (PP2A). JH-LCMT1-PP2A axis-triggered FoxO

no significant impact on vitellogenesis (Gujar and Palli, 2016). dephosphorylation facilitated FoxO translocation in nuclei and
L. migratoria, a hemimetabolous species bearing the panoistic = activated the transcription of cell-division-cycle 2 (Cdc2) and
ovary and synchronously matured oocytes, has been a long-  origin-recognition-complex subunit 5 (Orc5). Knockdown of

standing model for studying JH-dependent female reproduction =~ LCMT1, PP2A, FoxO, Cdc2, or Orc5 in vitellogenic female locusts
(Wyatt and Davey, 1996; Roy et al., 2018). In adult females of  resulted in lower ploidy and significantly reduced Vg expression
L. migratoria, JH induces Vg synthesis in the fat body, initiates  in the fat body as well as arrested oocyte maturation and
intercellular space (patency) in the follicular epithelium, and  suppressed egg development (Wu et al., 2020). Collectively, JH
facilitates the uptake of Vg into developing oocytes (Wyatt  acts via its receptor complex Met/Tai to induce the expression
and Davey, 1996; Song and Zhou, 2020). During the first  of Mcm4/7, Cdc6, Cdké, and E2fl, and through LCMT1-PP2A-
gonadotrophic cycle, locust fat body undergoes endocycle to  FoxO axis to trigger the expression of Cdc2 and Orc5 (Guo et al.,
produce up to 32C (chromatin copies per cell) polyploid  2014; Wu et al, 2016, 2018, 2020). These two signaling pathways
cells required for massive Vg synthesis (Guo et al, 2014).  coordinate to promote fat body cell polyploidization for large-
RNA-seq-based gene expression profiling followed by qRT-PCR  scale Vg synthesis, which meets the requirement of synchronous
validation demonstrated that JH upregulated the expression of = maturation of multiple eggs in L. migratoria.

16 genes related to DNA replication and 13 genes involved Ae. aegypti serves as an ideal model for studying JH-dependent
in cell cycle progression, suggesting that JH plays a pivotal  posteclosion or previtellogenic development. Besides the JH-
role in the onset and progression of polyploidy by promoting  Met/Tai complex, JH induces the dimerization of Met with Cycle
endocycle in the fat body (Guo et al, 2014). Of these 29  to upregulate gene transcription for previtellogenic development
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in Ae. aegypti (Shin et al, 2012). JH acts via Met to induce
the expression of Regulator of Ribosome Synthesis 1 (RRSI)
and Ribosomal protein L32 (RpL32), consequently enhancing
ribosomal biogenesis in the fat body essential for massive
Vg synthesis (Wang J. L. et al, 2017). Saha et al. (2019)
reported that JH induced the expression of gene coding for
Hairy which dimerizes with Groucho to form a transcriptional
repressor complex mediating the repressive function of JH.
Interestingly, Hairy and Kr-h1 acted synergistically in the JH/Met
gene repression hierarchy during previtellogenic development
of Ae. aegypti (Saha et al, 2019). JH exerts both genomic
and non-genomic action. For non-genomic action, JH acts via
the RTK-PLC-IP3-CaMKII signaling cascade to trigger Met
phosphorylation that enhances its transcriptional activity in
previtellogenic development of Ae. aegypti (Liu et al., 2015; Ojani
et al., 2016). Moreover, JH triggers the RTK-PI3K-Akt signaling
pathway to stimulate the phosphorylation of serine/arginine-
rich (pre-mRNA) splicing factor (SRSF), which induces the
alternative splicing of Tai to produce Tai-A and Tai-B isoforms
(Liu et al, 2018). These two isoforms could potentiate the
transcriptional activity of 20E-receptor in the fat body of adult
female mosquitoes, consequently promoting blood meal-induced
vitellogenesis and egg production (Liu et al., 2018).

Nutritional Control of Vg Synthesis

AA/TOR pathway has been demonstrated to play pivotal roles
in activating Vg synthesis in divergent orders of insects (Sancak
et al, 2008; Carpenter et al., 2012; Koyama et al., 2013; Lu
etal., 2016). Suppression of TOR activity by rapamycin treatment
or RNA-mediated knockdown inhibited Vg expression in Ae.
aegypti and N. lugens (Hansen et al., 2004; Lu et al, 2016).
Moreover, TOR tends to have a positive effect on JH biosynthesis
and vitellogenesis. In T. castaneum, B. germanica, and the
American cockroach Periplaneta americana, TOR and ILP
signaling could enhance the expression of JH methyltransferase
(JHAMT), Met and Kr-hl, further stimulating Vg expression
and oocyte maturation (Parthasarathy and Palli, 2011; Abrisqueta
et al., 2014; Zhu et al,, 2020). Moreover, insulin/TOR signaling
affects 20E synthesis and secretion as well, further associates with
vitellogenesis and egg production in D. melanogaster and Ae.
aegypti (Tu et al., 2002; Dhara et al., 2013).

FoxO plays a vital role in mediating the crosstalk between
insulin and JH signaling pathways to coordinate insect
vitellogenesis (Koyama et al.,, 2013; Smykal and Raikhel, 2015;
Roy et al., 2018; Santos et al., 2019). In B. germanica, depletion of
insulin receptor gene (InR) or FoxO in fed adult females resulted
in markedly reduced Vg expression along with impaired oocyte
maturation (Abrisqueta et al., 2014). Similarly, FoxO knockdown
led to reduction of Vg transcript levels in fed adult females
of T. castaneum, Ae. aegypti, L. migratoria and the soybean
pod borer Maruca vitrata (Hansen et al.,, 2007; Parthasarathy
and Palli, 2011; Abrisqueta et al., 2014; Al Baki et al., 2019;
Wu et al,, 2020). However, silencing of FoxO in the starved
adult females of B. germanica caused significant increase of Vg
expression due to elevated biosynthesis of JH (Suren-Castillo
et al,, 2012; Abrisqueta et al., 2014). In B. mori, FoxO suppresses
the expression of JH degradation genes JHE, JHDK, and JHEH

to protect JH from degradation (Zeng et al., 2017). Interestingly,
FoxO binds to Vg2 gene promoter and inhibits its transcription in
T. castaneum. After adult emergence, JH induces ILP expression
and FoxO phosphorylation, which in turn releases FoxO binding
and activates Vg2 transcription (Sheng et al., 2011).

miRNA Regulation of Vg Synthesis

As fine-tuners, miRNAs generally downregulate their target
genes by translation inhibition or mRNA degradation in a
spatiotemporal manner. Nevertheless, miRNAs can bind the 5'-
UTR or CDS of target mRNAs to upregulate gene expression
(Vasudevan et al., 2007; Zhou et al, 2009; Yang et al., 2014;
He et al, 2016). The role of miRNAs in oogenesis has been
extensively studied in D. melanogaster (Asgari, 2013; Shcherbata,
2019; Song and Zhou, 2020). Recently, miRNA functions in
vitellogenesis and oocyte maturation have been explored in non-
model insects like Ae. aegypti and L. migratoria (Lucas et al.,
2015b; Roy et al,, 2018; Song and Zhou, 2020). As two previous
reviews have covered miRNA regulation in insect reproduction
(Roy et al., 2018; Song and Zhou, 2020), we update the recent
advances in the role of miRNAs in insect vitellogenesis.

Dicer 1 and Argonautel (Agol) are two key enzymes
involved in miRNA biogenesis and functioning. Depletion
of Dicer 1 or Agol in D. melanogaster, B. germanica, L.
migratoria, and N. Lugens led to defective phenotypes of female
reproduction including decreased Vg expression and impaired
oocyte maturation (Jin and Xie, 2007; Azzam et al., 2012;
Tanaka and Piulachs, 2012; Song et al., 2013; Zhang et al.,
2013). In adult female locusts, JH upregulated 59 miRNAs
and downregulated 23 miRNAs (Song et al, 2013). Of JH-
downregulated miRNAs, let-7 and miR-278 bound to Kr-hl
coding sequence and repressed its expression. Application of
let-7 and miR-278 agomiRs resulted in significantly reduced
Kr-h1 expression along with markedly decreased abundance of
Vg protein and blocked oocyte maturation (Song et al., 2018).
Intriguingly, JH titer increases from the previtellogenic stage to
vitellogenic phase, whereas let-7 and miR-278 have the opposite
tendency in abundance (Song et al., 2018; Guo et al., 2019). The
increased JH titer and declined abundance of let-7 and miR-278,
therefore, ensure high levels of Kr-h1 required for vitellogenesis.
miR-2/13/71 is clustered miRNAs downregulated by JH in L.
migratoria (Song et al., 2019). miR-2/13/71 bound to the coding
sequence of Notch mRNA to inhibit its expression. Injection of
miR-2/13/71 agomiRs in adult female locusts also led to reduced
Vg transcripts and arrested oocyte maturation (Song et al., 2019).
Likewise, the increased JH titer and declined abundance of miR-
2/13/71 in vitellogenic female locusts contribute to high levels of
Notch for successful vitellogenesis and egg development (Song
etal., 2019).

In Ae. aegypti, lineage-specific miR-1890 targets the 3’UTR of
JH-regulated Chymotrypsin-like serine protease (JHA15). After a
blood meal, 20E suppresses miR-1890 expression to prevent adult
females from impaired blood digestion in the midgut and Vg
synthesis in the fat body (Lucas et al., 2015b). Disruption of miR-
275, miR-1174 or miR-8 also caused defects in blood digestion,
vitellogenesis and egg production in the vitellogenic females of
Ae. aegypti (Bryant etal., 2010; Liu et al., 2014; Lucas et al., 2015a).
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Moreover, miR-989, most abundant in the fat body and ovary of
Ae. aegypti, directly targets Vg gene during female reproduction
(Zhang et al., 2017). In the malaria mosquito Anopheles gambiae,
miR-309 antagomiR treatment caused impaired vitellogenesis
and egg production (Fu et al., 2017). In N. lugens, miR-4868b
inhibits the expression of Glutamine synthase gene. miR-4868b
antagomiR treatment resulted in significant decrease of Vg
protein levels along with impeded egg development and reduced
fecundity (Fu et al., 2015).

Post-translational Regulation of

Synthesized Vg

Nascently synthesized Vg in the fat body is properly folded in
the endoplasmic reticulum (ER) and assembled into the secretory
vesicles via membrane fusion with the Golgi apparatus. The 78-
kDa Glucose-regulated protein (Grp78), a heat shock protein 70
kDa family member is one of the most abundant chaperones
in fat body ER of L. migratoria (Luo et al, 2017). During
locust vitellogenesis, JH stimulates two Grp78 genes, Grp78-1
and Grp78-2 via differential signaling pathways, which together
accelerate the production of Grp78 chaperone. Grp78 facilitates
the proper folding of massively synthesized Vg and avoid ER
stress in the fat body (Luo et al., 2017). During the intracellular
transportation, Vg stability is threatened by a variety of proteases
but protected by protease inhibitors, of which the Kazal-type
protease inhibitor is a common subfamily (Van Hoef et al., 2013).
Guo etal. (2019) demonstrated that Greglinwas the predominant
Kazal-type protease inhibitor in the fat body and ovary of
vitellogenic females of L. migratoria. During locust vitellogenesis,
JH induced high levels of Greglin expression to protect Vg from
proteolysis (Guo et al., 2019). During the termination of B.
mori embryonic diapause under low temperature, extracellular
signal-regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK) signaling is activated in the yolk cells (Iwata et al., 2005).
Thereafter, ERK/MAPK increases sorbitol and 20E metabolism
by regulating the transcription of downstream genes. The
elevated sorbitol-glycogen conversion and 20E secretion promote
embryonic development, yolk-cell dispersion as well as yolk
protein degradation (Fujiwara et al., 2006).

REGULATION OF Vg UPTAKE BY OVARIES

With the help of hemolymph circulation, Vg is transported
into the ovary and absorbed by maturing oocytes. Oocytes
are enclosed by the follicle epithelium, which determines the
size and shape of oocytes and initiates the intercellular spaces
(patency) (Wyatt and Davey, 1996; Raikhel et al., 2005). Vg
is transported through patency to the surface of competent
oocytes and then internalized via Vg receptor (VgR)-mediated
endocytosis (Figure 2). JH plays a crucial role in Vg uptake by
ovaries in a variety of insects. In adult females of H. armigera,
depletion of Met severely suppressed Vg and VgR transcription,
disrupted yolk protein uptake into oocytes, and eventually led to
reduced fecundity (Ma et al., 2018). In L. migratoria, knockdown
of Met or Kr-hl caused markedly smaller follicle cells and
malfunctional patency (Song et al., 2014). In B. germanica, the

JH-dependent expression of SPARC (secreted protein, acidic and
rich in cysteine) gene, coding for a calcium-binding glycoprotein
that forms part of the extracellular membranes is critical for
follicle cell morphological changes and patency induction that
facilitate Vg uptake by developing oocytes (Irles et al., 2017).

Role of Nat/K*-ATPase in Patency
Initiation

Na™/K*-ATPase is a heterodimer protein that consists of a-
and B-subunits (Lingrel and Kuntzweiler, 1994). The a-subunit,
which has 10 transmembrane loops and large cytoplasmic
regions, plays a chief function in catalytic action because of its
ATP binding site and phosphorylation (Fambrough et al., 1994;
Lingrel and Kuntzweiler, 1994). The B-subunit, also known as
Nervana, is a nervous system-specific glycoprotein antigen in
the adult head of D. melanogaster. The B-subunit contains a
single transmembrane, a small N-terminal cytoplasmic domain
and a large C-terminal extracellular region (Kaplan, 2002). In
B. germanica, the orthologs of D. melanogaster Nervana 1 and
Nervana 2 are crucial for oogenesis (Irles et al., 2013). Early
study on the kissing bug Rhodnius prolixus has demonstrated that
JH-stimulated patency is inhibited by application of ouabain, a
specific inhibitor of Na®™/K*-ATPase (Sevala and Davey, 1989),
indicating the involvement of Na*/K*-ATPase in the regulation
of JH-dependent patency initiation and Vg uptake. Subsequently,
the role of Na®/Kt-ATPase in patency initiation has been
reported in L. migratoria, the beetle Tenebrio molitor and the
moth Heliothis virescens (Sevala and Davey, 1993; Pszczolkowski
et al., 2005). In L. migratoria, RNAi-mediated knockdown of
Nat/K*-ATPase gene, pharmaceutical inhibition of Na®/K*-
ATPase phosphorylation or suppression of Na®/K*t-ATPase
activity by inhibitor treatment resulted in the loss of patency
along with blocked Vg uptake and impaired egg development
(Jing et al., 2018).

As patency is initiated by JH, efforts have been made
to elucidate the regulatory mechanisms of Na®/K*-ATPase
activation by JH. Pharmaceutical approaches with protein
kinase C (PKC) activator in R. prolixus have shown that
PKC activation is required for the induction of JH-dependent
Nat/K*-ATPase activity (Sevala and Davey, 1989). JH also
evokes Nat/K™-ATPase-activated patency in H. virescens via the
signaling pathways including protein kinase A (PKA) and PKC
(Pszczolkowski et al., 2005, 2008). Jing et al. (2018) demonstrated
that JH triggered a signaling cascade including G protein-coupled
receptor (GPCR), receptor tyrosine kinase (RTK), phospholipase
C (PLC), inositol trisphosphate (IP3) and PKC to phosphorylate
Na®/Kt-ATPase «-subunit at serine residue 8, leading to
activation of Nat/KT-ATPase. Activated Na™/K'-ATPase is
likely to change the ionic balance of follicle cells and cause cell
shrinkage, consequently initiating patency for Vg transportation
to the surface of maturing oocytes (Jing et al., 2018). However,
the specific GPCR or RTK involved in GPCR/RTK-PLC-IP3-PKC
signaling cascade remains to be identified. Bai and Palli (2016)
reported that Dopamine D2-like receptor (Dop2R) controls
Vg uptake by maturing oocytes in T. castaneum (Bai and
Palli, 2016). In L. migratoria, 22 GPCRs were identified in the
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FIGURE 2 | Regulation of Vg uptake by maturing oocytes. Prior to Vg uptake by maturing oocytes, Vg passes through patency among follicle cells, which is regualted
by JH action on GPCR and Na*/K*-ATPase. Vg is internalized by surrounding oocytes through VgR-mediated endocytosis. Afterwards, Vg is unbound with VgR,
then VgR is recycled to the membrane of the oocyte. NK, Na™/K*-ATPaseg; Fc, follicle cells; PO, primary oocyte; SPO, sub-primary oocyte.

ovarian transcriptome of vitellogenic females. RNAi screening  in adult females of N. lugens (Lu et al, 2015). Furthermore,
revealed that Orphan receptor-A (OR-Al and OR-A2), C-type  JH upregulates VgR expression by Met-Kr-hl pathway in
muscarinic acetylcholine receptor (mAChR-C) and Cirl-like  the cabbage beetle Colaphellus bowringi (Liu et al, 2019).
(CirlL) played key roles in ovarian Vg transportation and uptake  Interestingly, in P. americana whose vitellogenesis is dependent

(Zheng et al., 2020). upon JH, the expression of Vg and VgR is inhibited by additional
20E treatment (Kamruzzaman et al., 2020). Similarly, knockdown
VgR-mediated Vg Endocytosis of the Halloween genes coding for a group of enzymes involved

Insect VgR belongs to the low-density lipoprotein receptor  in 20E synthesis remarkably reduced the levels of Vg and
(LDLR) family (Raikhel and Dhadialla, 1992; Schonbaum et al., ~ VgR expression, leading to defective egg development of the
1995; Tufail and Takeda, 2009). Upon binding of Vg to VgR,  diamondback moth Plutella xylostella (Peng et al., 2019). In M.
the Vg/VgR complex clusters in clathrin-coated pits, invaginates ~ vitrata and the beet armyworm Spodoptera exigua, the expression
into the cytoplasm and pinches off to form intracellular  of VgR is regulated by ILP/TOR signaling pathway (Zhao et al.,
coated vesicles. After transformed into the endosome or  2018; Al Baki et al., 2019). Notably, two miRNAs, miR-2739 and
transitional yolk body, Vg and VgR are dissociated by ATP-  miR-167 bind directly to the 3'UTR of B. mori VgR mRNA and
dependent acidification. Subsequently, VgR is recycled back  coordinately inhibit VgR expression. Overexpression of either
to oocyte membrane surface while Vg is crystallized and  miR-2739 or miR-167 using the piggyBac system blocked Vg
stored as vitellin (Vn) in yolk bodies for future embryonic  deposition into oocytes, whereas application of miR-2739 or miR-
development (Sappington and Raikhel, 1998; Raikhel et al., 2002; 167 antagomiR resulted in increase of VgR levels and uptake of
Snigirevskaya and Raikhel, 2005; Mitchell and Pérez De Leén,  Vgby oocytes (Chen et al., 2020).

2019). In the oriental fruit fly Bactrocera dorsalis, depletion In addition to mediating Vg internalization, VgR is shown
of VgR blocked Vg uptake and egg development (Cong et al.,  to play an important role in vertical transmission of pathogenic
2015). Also, knockdown of VgR in N. lugens and S. furcifera  microbes and Wolbachia symbionts (Guo et al., 2018; Huo et al.,
caused accumulation of Vg in the hemolymph accompanied by ~ 2019; Mitchell and Pérez De Leon, 2019). In L. striatellus, Vg
arrested oocyte maturation (Lu et al., 2015; Hu et al, 2019).  is hitchhiked by the rice stripe virus (RSV), which enters the
VgR expression is hormonally regulated during reproductive  developing oocytes through VgR-mediated endocytosis (Huo
development. In the fire ant Solenopsis invicta, JH treatment of  etal,, 2018, 2019; He et al., 2019). Also in L. striatellus, Wolbachia
cultured ovaries significantly increased VgR expression (Chen  symbionts acquire maternal transmission through the Vg-VgR
et al., 2004). Analogously, JH treatment induced VgR expression  axis (Guo et al., 2018). It has been demonstrated that a series
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of small guanosine triphosphatases (GTPase), whose activities
are at peak during vitellogenesis, are involved in the process
of Vg vesicular formation, budding, docking and fusion. In
P. americana, GTPase activity is required for the intracellular
trafficking of Vg in the ovary (Elmogy et al., 2014). In N. lugens,
depletion of Ran, a member of GTPase family, brough about
markedly reduced Vg expression and decreased fecundity (Li
etal., 2015).

CONCLUSIONS AND PROSPECTS

Vitellogenesis is one of the most emblematic processes in
insect reproduction. Over the past decades, accumulative studies
have advanced our understanding of how insect vitellogenesis
is governed by hormonal and nutritional pathways. 20E acts
through its receptor complex comprised of Ecdysone Receptor
(EcR) and Ultraspiracle (USP), leading to transcriptional
activation of 20E-response genes including ecdysone-induced
proteins 74 (E74), 75 (E75), 93F (E93), Broad-Complex (Br-
C), and Ftz-fl. The 20E pathway appears to be evolutionarily
conserved in vitellogenesis and oogenesis across insect orders
(Raikhel et al., 2005; Swevers, 2019). Most recently, relative more
research progress has been made on the action of JH, nutrition
and miRNA pathways on vitellogenesis in diverse insect species
such as L. migratoria, Ae. aegypti, T. castaneum, and B. germanica
(Roy et al., 2018; Santos et al., 2019; Song and Zhou, 2020).
JH acts through its receptor complex or interplays with ILP
pathway to stimulate fat body cells undergoing endocycle for
polyploidization, which accelerates massive Vg synthesis to meet
the requirement for synchronous maturation of multiple eggs
in L. migratoria (Guo et al., 2014; Wu et al,, 2016, 2018, 2020).
Moreover, JH acts via Met and intracellular signaling cascades
to promote fat body competency ready for Vg synthesis after
a blood meal in Ae. aegypti (Shin et al., 2012; Ojani et al,
2016; Liu et al., 2018; Saha et al.,, 2019). The genomic action
of JH has been extensively studied since the establishment of
Met/Tai as the nuclear JH receptor and the identification of
JH-responsive genes. Nevertheless, most studies on JH actions
have been conducted in insect molting and metamorphosis. The
molecular mechanisms of JH regulation in insect vitellogenesis
and oogenesis are largely obscure. The membrane receptor of
JH remains to be identified. The roles of JH and 20E in insect
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Ovarian aging is a natural process characterized by follicular depletion and a reduction
in oocyte quality, resulting in loss of ovarian function, cycle irregularity and eventually
infertility and menopause. The factors that contribute to ovarian aging have not been
fully characterized. Activation of the NLRP3 inflammasome has been implicated in age-
associated inflammation and diminished function in several organs. In this study, we used
Asc~/~ and NIrp3~/~ mice to investigate the possibility that chronic low-grade systemic
inflammation mediated by the inflammasome contributes to diminished ovarian reserves
as females age. Pro-inflammatory cytokines, IL-6, IL-18, and TNF-a, were decreased in
the serum of aging Asc™/~ mice compared to WT. Within the ovary of reproductively
aged Asc™/~ mice, mRNA levels of major pro-inflammatory genes Tnfa, ll1a, and II1b
were decreased, and macrophage infiltration was reduced compared to age-matched
WT controls. Notably, suppression of the inflammatory phenotype in Asc~/~ mice was
associated with retention of follicular reserves during reproductive aging. Similarly, the
expression of intra-ovarian pro-inflammatory cytokines was reduced, and follicle numbers
were significantly elevated, in aging Nlrp3—/— mice compared to WT controls. These data
suggest that inflammasome-dependent inflammation contributes to the age-associated
depletion of follicles and raises the possibility that ovarian aging could be delayed, and
fertile window prolonged, by suppressing inflammatory processes in the ovary.

Keywords: inflammation, inflammasome, follicle, ovary, ovarian ageing, cytokine, NLRP3, ASC

INTRODUCTION

Female fertility declines dramatically with age, primarily due to the loss of oocyte number and
quality (Findlay et al., 2018). A woman’s lifetime supply of oocytes is stored in her ovaries in
structures called primordial follicles. Most primordial follicles are dormant, but a few at a time
become activated to begin folliculogenesis, which is characterized by growth of the oocyte, plus
the proliferation, and differentiation of the granulosa cells that support oocyte development.
Folliculogenesis results in the cyclic production of female reproductive hormones that have
important roles in pregnancy and female health, and ultimately culminates in the ovulation of a
mature oocyte. After birth, the number of primordial follicles steadily declines as consequence of
follicle recruitment, follicle atresia, and the normal aging process. Eventually the supply of healthy
follicles becomes so low that females become infertile and undergo menopause. In addition to
natural ovarian aging, follicles can be depleted much earlier than expected, leading to premature
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ovarian insufficiency. Loss of ovarian function, as a consequence
of either physiological or pathological processes, has serious and
widespread health impacts for women, including infertility and
increased risk of heart disease and osteoporotic fractures because
of reduced hormone production (Broekmans et al, 2009).
Despite this significance, the suite of molecular mechanisms
underlying the normal age-specific decline in ovarian function,
or the early loss of ovarian follicles, remain largely unknown.

Non-infectious chronic, low-grade inflammation, is a
hallmark of the normal aging process, that underpins a range of
age-related pathologies (Franceschi et al., 2000). It is proposed
that damaged cells and macromolecules that accumulate
with age act as “danger signals” detected by inflammasomes,
multi-protein complexes employed by the innate immune
system that proteolytically mature pro-IL-1f and pro-IL-18
into bioactive cytokines that induce sterile inflammation
(Goldberg and Dixit, 2015). In addition to their beneficial
roles, IL-1f and IL-18 also contribute to functional decline
and disease during aging (Goldberg and Dixit, 2015; Xia et al.,
2016). Accumulating evidence suggests that low grade chronic
inflammation contributes to age-related functional decline.
Several studies in mice have shown that disruption of the NLR
Family Pyrin Domain Containing 3 (NLRP3) inflammasome
reduces inflammation, prolongs the healthy lifespan and delays
the aging process (Youm et al., 2013; Marin-Aguilar et al.,
2020). NLRP3 is a sensor of molecules released by damaged
cells (Danger Associated Molecular Patterns or DAMPs) and
cellular stressors, most of which increase and accumulate with
age (Franceschi and Campisi, 2014). When NLRP3 recognizes
DAMPs, it engages the adaptor protein ASC (apoptosis-
associated speck-like protein containing a CARD), which is
present in other inflammasomes (e.g., AIM2), and the complex
then recruits and matures the protease Caspase 1. This activated
inflammasome then processes IL-1p and IL-18 precursors, which
leads to secretion of the pro-inflammatory cytokines IL-1f
and IL-18 (Goldberg and Dixit, 2015). Similar to Nlrp3~/~
mice, ASC-deficient mice display dramatically reduced IL-18
and IL-1p levels in serum, and slowed functional aging (Youm
et al, 2013). These studies strongly support a link between
NLRP3 inflammasome-dependent inflammation and age-related
functional decline.

The factors responsible for diminished fertility in older
women are likely to be multifactorial and have not been fully
elucidated. Intriguingly, a recent study showed that ovaries
from reproductively old mice (equivalent to women aged 38—
45) are fibrotic with characteristics of chronic inflammation,
including the expression of inflammatory genes and proteins
(Briley et al, 2016). Inflammasome complexes have been
predominately studied in innate immune cells, including
macrophages, monocytes, and neutrophils (Goldberg and Dixit,
2015). However, recent studies indicate that epithelial cells of
different tissues can express active inflammasome complexes
(Santana et al, 2016). In addition, the expression of both
NLRP3 protein and the adaptor molecule ASC have been
previously detected in the C57BL/6 mouse ovary (Zhang et al.,
2019). ASC was detected in oocytes, theca cells, and stroma,
whereas NLRP3 was localized to the oocytes, theca cells,

follicular fluid, and stroma (Zhang et al., 2019). Furthermore,
a recent publication has shown an age-associated accumulation
of DAMPs (i.e., lipofuscin) in the ovarian tissue (Urzua et al.,
2018). In this publication, Urzua et al. demonstrated an excessive
accumulation of incompletely digested cell debris in the form of
lipofuscin in reproductively aged mouse ovaries (Urzua et al.,
2018). More recently, Rowley et al. reported that age-related
DAMPs, such as low molecular weight (LMW) hyaluronan
fragments, may be a potential driver of the age-associated
inflammation characteristic of ovaries from reproductively old
mice (Rowley et al., 2020). However, whether accumulation of
LMW hyaluronan fragments occurs in advanced reproductively
aged ovaries is still under investigation. Therefore, in this
study, we investigated the hypothesis that chronic low-grade
systemic and local inflammation mediated by the inflammasome
contributes to loss of ovarian follicular reserves as females
age. To do this, the systemic and intra-ovarian inflammatory
phenotype were investigated, and immune cell populations
and ovarian follicles were quantified in ASC- and NLRP3-
deficient mice.

MATERIALS AND METHODS

Animals

Female C57BL/6] wild-type (WT), Asc™/~ and Nlrp3’/’ mice
on a C57BL/6] background were housed in a temperature-
controlled high-barrier facility (Monash University ARL) with a
12 h light-dark cycle and free access to mouse chow and water.
All animal procedures and experiments were compliant with the
NHMRC Australian Code of Practice for the Care and Use of
Animals and approved by the Monash Animal Research Platform
Animal Ethics Committee. Asc™/~ and Nlrp3~/~ mice have been
previously described (Kanneganti et al, 2006; Ozoren et al,
2014). Animals were aged to 2 (young sexually mature) (WT
n==6, Asc”/~ n =6, Nlrp3_/_ n = 6), 6 (adult peak fertility)
(WTn=8,Asc/~ n=38, Nlrp3’/’ n = 8), 12 (reproductively
old) (WT n = 11, Asc/~ n = 13, Nlrp37/~ n = 11), and
18 months (extreme reproductively aged) (WT n = 8, Asc™/~
n = 6, Nlrp3~/~ n = 4), and ovaries and blood were collected.
Age of mice was chosen based on previous publications (Finch
et al., 1984; Kevenaar et al., 2006; Finch, 2014; Liew et al., 2014).
Serum was obtained by centrifugation at 5,000 rpm for 5min,
then transferred to a sterile Eppendorf tube, and stored at —80°C.
One ovary from each mouse was either fixed in Bouin’s solution,
frozen at —80°C or directly used for Flow Cytometry. For flow
cytometric study, stage of estrous cycle was determined by vaginal
cytology immediately after mice being sacrificed at 9 months
of age and recorded in Supplementary Table 1. Vaginal smears
were stained with Rapid Diff Stain Kit (Australian Biostain,
ARD.K) and classified based on the different cell types present
as previously described (Ora et al.,, 2015). For Bouin’s, tissues
were fixed overnight at 4°C, and then washed three times with
70% ethanol.

Gene Expression
One frozen ovary per mouse was homogenized using a Retsch
mixer Mill MM 400. Total RNA was extracted using RNeasy
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Mini kit (Qiagen, 74104) followed by DNase I treatment
(Qiagen, 79254) to ensure the complete removal of any DNA
contamination. RNA concentration and purity were measured
using the NanoDrop 2000 spectrophotometer (ThermoFisher
Scientific). Five hundred nanogram of RNA were subsequently
reverse transcribed to cDNA using a SuperScript III First-
Strand synthesis kit (ThermoFisher Scientific, 18080051). A Bio-
Rad CFX384 machine was used for quantitative real-time PCR
using the 2x QuantiNova SYBR Green PCR Master Mix as
described by the manufacturer (Qiagen, 208052). GAPDH was
used as the endogenous control. Results are expressed as fold
change in expression compared to 2-month-old WT mice and
were calculated using the 2744t method. The thermal cycling
conditions used for 2x QuantiNova SYBR Green PCR Master Mix
were 2 min at 95°C, followed by 40 cycles of 5s at 95°C and 10s
at 60°C. The specificity of the process was controlled by Melting
Curve analyses. The primers used in this study are detailed in
Supplementary Table 2.

Histology

Bouin’s-fixed ovaries were embedded and processed in Glycol
Methacrylate (GMA) resin and serially sectioned at 20 pm. Every
third resin section was collected, stained with Periodic Acid-
Schiff (PAS) and counterstained with hematoxylin for follicle
quantification and the assessment of ovarian volume.

Quantification of Ovarian Follicles
Primordial and primary follicle numbers were estimated using
unbiased stereology, while number of growing and atretic follicles
and corpora lutea numbers were quantified by direct counting
under a Nikon light microscope, as previously described (Myers
et al., 2004; Sarma et al., 2020; Winship et al., 2020).

Ovarian Volume

Ovarian volume was assessed using the Cavalieri Estimator
function on the Stereo Investigator version 2018.2.2 software
on an Olympus BX50 microscope with a 10x objective. Briefly,
a point-counting grid with a density of 200 um was used to
estimate the area of every sixth section through the ovary. Final
ovarian volume was calculated using the following equation:
Voy=a (p)dt Y[, P;, where a (p) is the area associated with
each grid point, d is the distance between two consecutive
sections, f is the section thickness and > | P; is the sum of all
points counted in each section.

Quantifying Serum Anti-Miillerian Hormone
Serum anti-Miillerian hormone (AMH) concentration was
determined using the commercially available AMH Gen IT ELISA
assay kit (Beckman Coulter, California, A79766) according to
the manufacturer’s instructions. AMH levels were measured
for serum samples of 12-month-old WT (n 6), Asc™/~
(n 6), and Nlrp3_/_ mice (n 6). Serum samples
were assayed in duplicates and the absorbance was measured
using the CLARIOstar microplate reader (BMG Labtechset,
Ortenberg, Germany).

Cytokine Measurement

Serum IL-6, TNF-a, and IL-18 concentrations were measured
by a specific murine ELISA kit [Biolegend, 431307 (IL-
6) and 430907 (TNF-a) and Abcam, ab216165 (IL-18)]
according to the manufacturer’s instructions. Serum
samples were assayed in duplicates and absorbance read
using the CLARIOstar microplate reader (BMG Labtechset,
Ortenberg, Germany).

Flow Cytometry

Fresh ovaries from 9-month-old WT (n 5) and Asc™/~
mice (n = 3) were digested in a 37°C shaker at 120 rpm in
digestion buffer (Dulbecco’s phosphate-buffered saline (DPBS,
ThermoFisher Scientific, 14190250) with 0.4% Collagenase IV
(Sigma-Aldrich, AC5138), 0.1% Deoxyribonuclease I (Sigma-
Aldrich, DN25), 0.2% Dispase II (Sigma-Aldrich, D4693), and
0.2% Hyaluronidase (Sigma-Aldrich, H3506) for 30 min. 1ml
of neutralization buffer (DPBS containing 20% dialyzed FBS
(Assay Matrix, ASFBS-U) and 5mM EDTA) was added to
the buffer to stop the digestion. Cell pellet was collected
by centrifugation and resuspended in FACS buffer [DPBS
containing 0.5% Bovine Serum Albumin (BSA, Sigma-Aldrich,
A9418) and 5mM EDTA]. Cell suspension was then filtrated
and counted.

For staining, ovarian cell suspensions were blocked with an Fc
blocking agent for 10 min. Isolated cells were then incubated with
the antibodies of interest for 30 min and stained with Live/Dead
Viability Stain 700 (FVS700, 1:2,000, BD Biosciences, 564997) for
10 min. Finally, stained cells were transferred to round bottom
polypropylene FACS tubes (Falcon). All staining protocol was
carried out at 4°C and FACS buffer was used as the diluent for
each stain unless indicated otherwise. Data was collected on a BD
LSRFortessa X-20 cell analyzer (BD Biosciences, NSW, Australia)
and analyzed using Flow]Jo version 10 (Tree Star Inc., Oregon,
USA). Antibodies and stains used in this study are detailed in
Supplementary Table 3.

Stimulation of Ovulation and Oocyte

Collection

Ovulation was induced in 12-month-old WT (n = 3), Asc™/~
(n=5), and NlrpS’/ ~ mice (n = 3) by intraperitoneal injection
with pregnant mare serum gonadotropin (15 IU PMSG; Intervet)
followed 44-48h later by human chorionic gonadotropin (15
IU hCG; Intervet). After 12-16h, cumulus oocyte complexes
(COC) were collected from the oviduct and fully mature MII
stage oocytes were exposed by digestion in M2 media with 0.3%
hyaluronidase (Sigma-Aldrich).

Statistical Analysis

Data are presented as mean =+ standard error of the mean
(SEM). Statistical analyses were analyzed using GraphPad Prism
version 8 (GraphPad Software, California, USA). Data normality
was tested using Shapiro-Wilk test. Within each age group,
data from Asc™/~ or Nlrp3~/~ mice were compared with
WT. Normally distributed data were analyzed using unpaired
Student’s t-test. Not normally distributed data were analyzed
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by Mann-Whitney test. Differences were considered significant
when p < 0.05.

RESULTS

Pro-inflammatory Cytokine Levels Are
Reduced in the Serum of Aging Asc™/~
Mice

The NLRP3 inflammasome is a major driver of age-related
sterile inflammation in multiple organs (Youm et al, 2013;
Goldberg and Dixit, 2015). To determine if loss of ASC
or NLRP3 reduces systemic inflammation, pro-inflammatory
cytokines were measured in serum from 2, 6, and 12-month-
old WT, Asc™/~, and Nlrp3~/~ mice and 18-month-old WT
and Asc™/~ mice (Figure 1). IL-6, TNF-a, and IL-18 all
increased with age in the serum of WT mice. However, while
circulating levels of IL-6, TNF-a, and IL-18 were similar between
genotypes at 2 and 6 months, their expression was significantly
lower in Asc™/~ mice than WT mice at 12 and 18 months
(Figures 1A-C). In contrast to Asc™/~ mice, TNF-a and IL-18
were not significantly different in Nlrp3~/~ from age-matched
WT mice at 12 months (p > 0.05) (Figures 1B,C). For Nlrp3~/~
mice, the concentration of TNF-a and IL-18 in serum at 18
months, and IL-6 at all ages, was not determined due to
lack of serum availability. These data indicate that deletion
of adaptor protein ASC, but not NLRP3, attenuates the levels
of systemic inflammatory cytokines observed in mice during
reproductive aging.

NLRP3 Inflammasome

To examine the intra-ovarian expression profile of the NLRP3
inflammasome, the mRNA expression levels of Nlrp3 and
Asc were determined at 2, 6, 12, and 18-months of age
(Figures 2A,B). As expected, Nlrp3 and Asc genes were
not expressed in Nlrp3~/~ and Asc™/~ ovaries at any age,
respectively (Figures 2A,B). Nlrp3 expression in 2, 6, and 12-
month-old Asc™/~ mice was similar to WT mice and decreased
significantly at 18 months of age (Figure 2A). Asc mRNA levels
in Nlrp3~/~ mice only showed a significant decrease at 6 months
compared to WT mice (Figure 2B).

To further investigate the effect of inflammasome ablation
on downstream factors of NLRP3 inflammasome, caspase-1 and
IL-18, mRNA expression levels of caspase 1 and Il118 were
analyzed in ovaries from WT, Asc™/~, and Nlrp3~/~ ovaries
(Figures 2C,D). Caspl mRNA expression was significantly
decreased at 6 and 18 months of age in Asc™/~ and Nlrp3~/~
mice compared to WT mice (Figure 2C). mRNA levels of 1118
were increased in 12-month-old Asc™/~ and Nirp3~/~ mice and
significantly decreased at 18 months of age compared to WT mice
(Figure 2D).

Taken together, corresponding with Caspl, Nlrp3, Il1b, and
1118 as NF-kB-dependent genes, reduction of these components
and substrates of the inflammasome is consistent with a
reduction in age-related systemic inflammation.

The Expression of Pro-inflammatory Genes
Is Reduced in Ovaries From Aging Asc~/~
Mice

We next investigated the effect of ASC or NLRP3 deletion
on intra-ovarian inflammation. mRNA levels of major pro-
inflammatory genes Tnfa, Il1a, I11b, and 116 were examined in
2, 6, 12, and 18-month-old WT, Asc™/~, and Nlrp3~/~ ovaries
(Figures 3A-D).

In general, Tnfa, Il1a, Il1b mRNA levels tended to increase
gradually with age in WT ovaries, with significantly higher
levels observed at 18 months than 2 months (Figures 3A-D).
In contrast, the expression of Tnfa, Illa, I11b did not increase
with age in ovaries from Asc™/~ mice, and mRNA levels were
significantly lower than in WT ovaries at 12 and 18 months
(Figures 3A-C). Similarly, in ovaries from Nlrp3~/~ mice, Il1a
and Il1b were significantly decreased relative to WT mice at
12 months of age, and Tnfa was decreased at 18 months
(Figures 3A-C). Unexpectedly, significantly higher expression
levels of 116 were observed in Asc™/~ and Nlrp3=/~ ovaries
compared to WT at 6 months of age, but this increase was
transient and not observed at any other age (Figure 3D).

Expression levels of anti-inflammatory gene I110 were also
measured (Figure 3E). A significant increase in the mRNA levels
was observed in ovaries from Asc™/~ and Nlrp3~/~ mice relative
to WT mice at 6 months, while at 18 months, significantly
lower expression levels of 1110 was observed in knock-out mice
compared to ovaries from WT mice (Figure 3E).

Next, the expression pattern of Csfl and Csf2 were examined
because of their involvement in the regulation of macrophages
and granulocytes (Figures 3F,G). While Csfl mRNA showed a
small increase at 6 months in Asc~/~ mice compared to WT, no
other changes were evident (Figure 3F). However, Csf2 mRNA
expression was significantly lower in ovaries from 12 and 18-
month-old Asc™/~ and Nlrp3~/~ mice compared to WT ovaries
(Figure 3G). Finally, mRNA levels of Ccl5, a chemokine that
mediates recruitment of leukocytes to inflammatory sites, was
also measured (Figure 3H). Gene expression was significantly
decreased in ovaries from 12 and 18-month-old Asc™/~ and
Nlrp3~/~ mice compared to WT (Figure 3H).

Taken together, these data indicate that mRNA expression
markers of age-associated inflammatory response in aged Asc™/~
and Nlrp3~/~ ovaries are reduced compared to WT ovaries.
Expression levels of inflammatory cytokines Tnfa, Illa, Il1b,
and Csf2, as well as Ccl5 chemokine, were significantly lower
in reproductively old inflammasome-deficient mice, suggesting
that migration to inflammatory sites and subsequent stimulation
of immune cells, is impaired in the ovarian tissue due to
inflammasome ablation.

Immune Cell Populations in the Mouse
Ovary Were Significantly Decreased by
ASC Ablation

Since our results indicated that systemic and intra-ovarian
pro-inflammatory levels were lower in Asc™/~ mice than
WT mice during reproductive aging, we next examined local
immune cell populations in 9-month-old Asc~/~ ovaries. The
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gating strategy used in this study was conducted as described
in Supplementary Figure 1. In brief, ovarian cells were first
gated for singlets (FSC-H vs. FSC-A) and lymphoid/myeloid

populations (SSC-A vs. FSC-A). CD11b, TCRf, NKI1.1, and
CD19 expression were used to identify different immune cell
populations, analyzing only live cells. NK cells were gated as
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NK1.1+TCRB- and B cells as CD19+. T cells were identified
based on TCR expression (TCRB+) and either CD4 or CD8.
Finally, F4/80 surface marker was used to identify macrophages
within the CD11b+ population (F4/80+CD11b+).

Lymphoid cell populations, including B and T cells, did not
show any significant change in Asc™/~ ovaries compared to
WT, either in the percentage or number of cells (p > 0.05)
(Figures 4A-D). The percentage of NK cells showed a trend
toward a decrease in ovaries from Asc~/~ mice compared to WT
mice (p = 0.0767) (Figures 4E,F).

Importantly, significant differences were observed in myeloid
populations. The proportion and number of ovarian cells
comprising the CD11b+ population was significantly decreased
in Asc~/~ ovaries compared to WT (Figure 4G). Consistent with
CD11b+ cell population data, a significant decrease was also
observed in the percentage of F4/80+CD11b+ macrophages in
ovaries from Asc~/~ mice relative to WT mice, while the number
of macrophages showed a trend toward a decrease in Asc™/~
ovaries compared to WT (p = 0.0683) (Figures 4H,I). Thus,
our findings suggest that ablation of ASC attenuate macrophage

presence in the mouse ovary, which may lead to the reduction of
expression levels of inflammatory genes like Tnfa, I11a, and Ccl5.

Loss of ASC or NLRP3 Significantly
Preserves the Primordial Follicle Pool in
Reproductively Old Mice

The ovarian reserve constitutes a finite reservoir of primordial
follicles in the ovaries that determines the length of the
female fertile lifespan (Findlay et al., 2015, 2018). Some studies
have suggested that inflammatory cytokines, such as TNF-
o, have an impact on primordial follicle survival (Morrison
and Marcinkiewicz, 2002; Greenfeld et al., 2007). Therefore,
primordial follicles were examined in ovaries from 2, 6, 12,
and 18-month-old WT, Asc™/~, and Nlrp3~/~ mice in order
to investigate the contribution of the inflammasome-dependent
inflammation to the age-related follicle depletion (Figure 5). At
2 and 6 months of age, primordial follicle numbers in ovaries
from Asc™/~ and Nlrp3~/~ mice were not significantly different
from WT ovaries. These data suggest that reproductively young
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inflammasome-deficient mice have normal primordial follicle
endowment. Critically, ovaries from 12-month-old Asc™/~ and
Nlrp3~/~ mice contained significantly more primordial follicles
than WT mice, consistent with retention of the ovarian reserve
during reproductive aging (Figure 5B). Even at 18 months of age,

when the pool of primordial follicles was severely depleted in
WT ovaries, Asc~/~ mice still retain elevated primordial follicles
(Figure 5C). A similar trend was observed for Nlrp3_/ ~ mice at
18 months, though the difference with WT was not statistically
significant (Figure 5C).
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of age comsared to WT mice (Figures 6C,D). By 18 months of Loss of ASC or NLRP3 Increases the

age growing follicle numbers were not statistically significantly Number of Corpora Lutea in
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(Figure 6E). corpora lutea were quantified in 2, 6, 12, and 18-month-old
AMH is produced by granulosa cells in growing follicles, ~ WT, Asc™/~, and Nlrp3~/~ mice (Figures 7A,B). Corpora lutea

with the highest production from secondary and early antral  number was similar between genotypes in reproductively young

follicles and is often used as a clinical marker of the ovarian  mice. Older WT mice had few corpora lutea, but a striking

reserve (Kevenaar et al, 2006). To investigate the impact of  increase was observed in ovaries from reproductively aged 12-

losing ASC or NLRP3 function on AMH levels, serum was  month-old Asc™/~ and Nlrp3~/~ mice relative to age-matched
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WT mice (Figures 7A,B). In particular, it was noted that the
number of corpora lutea in 12-month-old NIrp3~/~ mice was
similar to that observed in 6-month-old WT mice.

Corpora lutea typically grow from 200 to 750 um in mice
(Mircea et al., 2009), making a large contribution to the total
ovarian volume. Ovarian volume was assessed in 2, 6, 12, and
18-month-old WT, Asc™/~, and Nlrp3~/~ mice (Figure 7C).
Ovaries from 12-month-old WT mice were significantly smaller
compared to age-matched Asc™/~ and NIrp3~/~ ovaries
(Figure 7C), consistent with corpora lutea data (Figure 7B). By
18 months of age, there was no difference in corpora lutea
numbers or volume between Asc™/~ or Nlrp3~/~ and WT mice
(p > 0.05), consistent with the end of fertility at advanced
reproductive age (Figure 7B).

These data suggest that ovaries from both Asc™/~ and
NIrp3~/~ mice remain functionally active for longer than
WT mice, and indicate that the reproductive lifespan may be
prolonged in these animals. To investigate ovulation rate in
more detail, we hormonally stimulated 12-month-old mice using
standard superovulation protocols and collected oocytes from
the oviduct. Interestingly, there was no significant difference in
the total number or MII-stage ovulated oocytes collected from
Asc™/=, Nlrp3~/~, and WT mice (Supplementary Figure 2).
Indeed, the ovulated oocytes that were not MII were mostly
fragmented oocytes. Thus, even though natural ovulation might
be improved in inflammasome-deficient mice during aging (as
indicated by increased follicles and corpora lutea), artificial
induction of ovulation did not result in the maturation of more
oocytes in Asc™/~ or Nlrp3~/~ female mice.

DISCUSSION

Recent studies have suggested that the NLRP3 inflammasome
has a major influence on inflammaging, which is proposed to
underlie a range of pathologies associated with the normal aging
process (Goldberg and Dixit, 2015; Latz and Duewell, 2018). In
this study, we investigated the hypothesis that the inflammasome,
and the NLRP3 inflammasome in particular, contributes to
age-related follicle depletion. We found that deletion of the
inflammasome adaptor protein ASC in mice lowered serum
pro-inflammatory cytokine levels, reduced the intra-ovarian
expression of pro-inflammatory cytokines and myeloid cell
populations, and attenuated the age-related depletion of follicles
at all stages of development. Similarly, loss of NLRP3 preserved
follicle numbers in older mice compared to WT controls. Loss of
ASC or NLRP3 was also associated with increased CL number,
which may be indicative of improved ovulatory capacity during
aging. Altogether, these studies implicate the inflammasome
in follicle depletion during the normal aging process and
suggest that ovarian aging could be delayed by blocking the
inflammasome, possibly leading to extended fertility. However,
it should be noted that additional studies, including an analysis
of fertility, are required to confirm the latter.

Similar to earlier studies (Youm et al., 2013), we found
that systemic levels of inflammation were significantly lower
in reproductively aged Asc™/~ mice than age-matched WTs.

Youm et al. (2013) also reported that 23-month-old Nlrp3~/~
mice exhibited higher serum IL-18 levels than Asc™/~ mice,
but significantly lower than WT mice, suggesting that Nirp3~/~
mice also exhibit reduced inflammation during aging, although
possibly to a lesser extent than in Asc™/~ mice (Youm et al,
2013). In our study, Nlrp3~/~ mice did not exhibit a decrease
in the serum IL18 or TNFa, compared to age matched WT
mice, but we did not examine these cytokines in the serum of
mice Nlrp3~/~ mice beyond 12 months of age, which may have
been too young for changes to be detected. Overall, our data are
consistent with previous publications showing that disruption of
the inflammasome attenuates age-associated inflammatory levels
(Duewell et al., 2010; Youm et al., 2013).

In our study, inflammasome-deficient mice also exhibited
reduced intra-ovarian gene expression levels of Tnfa, Il1a, and
II1b at 12 and 18 months of age, all of which have been
associated with the inflammaging in other organs (Goldberg
and Dixit, 2015). For example, previous studies have shown
that ablation of the inflammasome significantly reduced Il1b
expression in aged fat tissue and hippocampus and Tnfa
levels in hippocampus and cerebral cortex from 23-month-
old mice (Youm et al, 2013). Furthermore, elimination of
NLRP3 inflammasome decreased levels of IL-1f cytokine in
the pancreas from 12-month-old obese mice compared to age-
match WT mice, as revealed by immunofluorescence (Youm
et al,, 2011). Interestingly, other studies have demonstrated that
increased IL-6 expression is strongly associated with chronic
inflammation during generalized aging (Maggio et al., 2006).
Moreover, increased levels of IL-6 in the culture media from
old CB6F1 mouse ovaries compared to young ovaries has been
recently reported by Briley et al. (2016). However, in our study
no decrease was found in IL-6 mRNA levels in ovaries from
reproductively aged Asc™/~ and Nlrp3~/~ mice compared to
WT mice.

Inflammasome-dependent inflammation is driven by IL-1f
and IL-18 cytokines, which are able to activate the inflammatory
transcription factor NF-kB (Tsuji-takayama et al., 1999; Liu et al,,
2017). In addition, various pro-inflammatory genes, including
I11b and 1118, as well as inflammasome-related genes Nlrp3 and
caspase 1, are transcriptionally regulated by NF-kB activation
(Lee et al., 2015; Liu et al., 2017). As discussed above, in our
study, 1118, Il1b, and caspase 1 mRNA expression was decreased
in aged ovaries from Asc™/~ and NIrp3~/~ mice. These data
are consistent with disruption of NLRP3 inflammasome and
reduced cytokine-mediated stimulation (i.e., IL-1f and TNF-a)
of NF-kB, leading to a lower expression of NF-kB-dependent
genes 1118, Il1b, and caspase 1. The existence of alternative
pathways of IL-1f8 and IL-18 activation that are independent of
the inflammasomes have been described (van de Veerdonk et al.,
2011). For example, neutrophils are considered the principal
source of proteinase 3, which processes IL-1p, during the acute
bacterial and fungal infection. In the later stages of infection,
caspase-1, and inflammasome would become more important for
the production of mature IL-1f (van de Veerdonk et al., 2011).

The reduction in systemic and local inflammation, and
retention of follicle numbers was more subtle in Nlrp3~/~ mice
than Asc~/~ mice. Since ASC adaptor protein is present in other
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inflammasomes, such as AIM2 (Schroder and Tschopp, 2010), it
is possible that other inflammasomes could also play a role in
the age-associated inflammation and follicle depletion. Indeed,
the AIM2 inflammasome senses host- and pathogen-associated
cytosolic dsDNA, leading to caspase-1 activation and catalytic
cleavage of IL-1p and IL-18 pre-forms (Kumari et al., 2020). A

recent publication indicated that release of DNA after cumulative
cell damage in aging cells leads to activation of cytosolic DNA
sensors that trigger an inflammatory response (Lan et al., 2019).
Considering these data, future experiments could investigate the
possibility that accumulation of cytosolic DNA occurs in ovarian
cells with age, promoting activation of AIM2 inflammasome
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in the aging ovary. It is also worth mentioning that recent
investigations have suggested that ASC and NLRP3 exhibit an
inflammasome-independent function under certain conditions.
Watanabe et al. (2020) has recently reported that ASC negatively
regulates GPVI signaling in platelets and enhances thrombus
formation, independent of NLRP3 inflammasome and IL-18
(Watanabe et al., 2020).

Importantly, primordial follicle numbers in Asc™/~ and
Nlrp3~/~ mice were similar to WT at 2 and 6 months of age,
but were elevated compared to controls at 12 months. These
data suggest that deletion of ASC or NLRP3 reduces the rate
at which primordial follicle depletion occurs as mice age, and
rules out the possibility that these mice simply entered adulthood
with greater numbers of primordial follicles. Altogether, our
observations suggest an association between low-grade chronic
inflammation and age-related follicle depletion, as previously
proposed (Cui et al., 2011; Uri-Belapolsky et al., 2014; Briley
et al,, 2016), as well as specifically implicating inflammasome-
derived inflammation. Notably, TNF-a can promote oocyte
apoptosis (Kaipia et al., 1996; Morrison and Marcinkiewicz, 2002;
Greenfeld et al., 2007) via TNF receptor 2 located in pre-follicular
oocytes, and primordial and growing follicles (Greenfeld et al.,
2007; Wang et al., 2020). Thus, lower mRNA levels of Tnfa
observed in ovaries from aging Asc~/~ mice could contribute
to a reduction in the normal rate of primordial follicle death.
Indeed, oocytes from mice lacking TNF-a exhibited lower levels
of Caspase-3, leading to the larger follicle reserve observed in
Tnfa~/~ mice (Cui et al., 2011). Similarly, Youm et al. indicated
that obesity-induced increase in pancreatic P-cell death was
reduced in Nlrp3~/~ obese mice as indicated by lower number
of TUNEL-positive cells (Youm et al., 2011).

Consistent with the primordial follicle data, antral follicles
and corpora lutea were increased in aged Asc™/~ and Nlrp3~/~
mice, suggesting increased ovulatory potential. Previous studies
have indicated that deletion of cytokines like IL-la or TNEF-
a resulted in an increased response to gonadotropins, along
with an enhanced pregnancy rate and litter size (Gordon, 1999;
Uri-Belapolsky et al., 2014). However, our superovulation study
did not show an improved ovulation rate in inflammasome-
deficient mice. Zhang et al. (2019) demonstrated that follicular
expression of ASC and NLRP3 is induced by exogenous
hormonal stimulation (e.g., PMSG), suggesting a possible role of
NLRP3 inflammasome in the regulation of the ovulatory process
(Zhangetal., 2019). A possible role for the NLRP3 inflammasome
in response to hormonal priming during superovulation might
explain why we saw no differences in the number of oocytes
ovulated between Asc™/~, Nlrp3~/~ mice, and WT mice.
Furthermore, it has been reported that treatment of female
mice with supra-physiological doses of exogenous gonadotropin
impacts on female reproductive organs by damaging the
reproductive function and maternal environment (Park et al.,
2015), which could be also affecting the outcome of the
superovulation procedure. Alternatively, it is possible that the
increased corpora lutea in inflammasome deficient mice could
be the results of impaired corpora lutea regression. Thus, further
studies are required to determine if ovulation is enhanced or
corpus luteum regression underlies the observed phenotype.

Macrophages are the most abundant innate immune cells
present in the ovary and are essential for ovarian function, with
roles in regulating follicle growth, tissue remodeling at ovulation
and formation and regression of corpus luteum (Wu et al., 2004).
Interestingly, during regression of corpora lutea, the number
of macrophages increases, indicating the critical role of these
immune cells during luteolysis (Wu et al., 2004). Additionally,
macrophages are the main source of TNF-a in the corpora lutea
of different species, being this cytokine critical in the regulation
of luteal angiogenesis (Lu et al., 2019). Our flow cytometry results
indicate that fewer percentage of macrophages were present in
Asc™/~ ovaries than in WT ovaries. Therefore, this reduced
percentage of macrophages could be delaying corpora lutea
regression, as previously mentioned, resulting in higher number
of corpora lutea in inflammasome deficient mice.

Lower percentage of ovarian macrophages found in Asc™/~
mice is consistent with lower Ccl5 expression in the ovary,
along with other inflammatory genes (e.g., Tnfa or Il1a), which
may suggest that leukocyte recruitment to inflammatory sites
is reduced. Zhang et al. (2020) showed that monocyte-derived
macrophages were increased in aged ovaries compared to young
ovaries, along with an increase in Ccl5 expression (Zhang
et al., 2020). Notably, TNF-a plays a central role in activating
and maintaining the inflammatory response (Parameswaran and
Patial, 2010). Activated macrophages produce TNF-a via NF-
kB transcription factor, which in turn is able to induce NF-
kB activation in a self-regulating manner (Parameswaran and
Patial, 2010), leading to persistent, low-grade inflammation
which is characteristic of aging process (Franceschi and Campisi,
2014; Goldberg and Dixit, 2015). Within the ovary, TNF-a
promotes DNA fragmentation and follicle apoptosis (Kaipia
et al., 1996; Morrison and Marcinkiewicz, 2002; Greenfeld et al.,
2007), thus the decreased percentage of ovarian macrophages
found in Asc™/~ mice could explain the decreased local
inflammatory response, which subsequently would contribute
to the elevated oocyte survival. A limitation of our flow
cytometry study is that the estrous cycle of mice were not
synchronized, which can affect the final results since macrophage
number and distribution can change during the estrous cycle
(Wu et al, 2004). Furthermore, in this study, cells were
firstly gated for singlets and traditional lymphoid/myeloid cell
populations. Following this gating strategy, we have probably
excluded macrophage multinucleated giant cells, which have
been associated with chronic inflammation and ovarian aging
(Briley et al., 2016), from the flow cytometry analysis, since these
cells are much larger.

While macrophages are known to be important for ovarian
function, it is not known what role NK cells play. Recently,
Gounder et al. (2018) reported an increase in the circulating
human NK cell population and a decrease in the proliferation
potential upon aging (Gounder et al., 2018). Activated NK cells
secrete a large variety of cytokines, including TNF-a, which, as
described earlier, is critical for inflammaging and can promote
oocyte-mediated apoptosis (Nersesian et al., 2019). In this study,
the proportion of NK cells in the ovary of Asc™/~ mice tended
to be lower than WT mice, potentially highlighting that NK
cells may contribute to the ovarian inflammatory environment,
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though further studies would be required to investigate this
possibility in more detail.

Overall, the data presented in this study indicate that
ablation of the inflammasome prevents age-related depletion
of the ovarian reserve by reducing the local inflammatory
environment, possible mediated by a reduction in the percentage
of ovarian macrophages in aged inflammasome-deficient mice.
The results observed in this study significantly advance our
understanding of the mechanisms responsible for the regulation
of oocyte number as female age and provide potential
therapeutic targets for the development of new strategies
to improve reproductive lifespan for advanced reproductive-
aged women.
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Tet enzymes participate in DNA demethylation and play critical roles in stem cell
pluripotency and differentiation. DNA methylation alters with age. We find that Tet7
deficiency reduces fertility and leads to accelerated reproductive failure with age.
Noticeably, Tet7-deficient mice at young age exhibit dramatically reduced follicle
reserve and the follicle reserve further decreases with age, phenomenon consistent
with premature ovarian failure (POF) syndrome. Consequently, Tet7-deficient mice
become infertile by reproductive middle age, while age matched wild-type mice still
robustly reproduce. Moreover, by single cell transcriptome analysis of oocytes, Tet7
deficiency elevates organelle fission, associated with defects in ubiquitination and
declined autophagy, and also upregulates signaling pathways for Alzheimer’s diseases,
but down-regulates X-chromosome linked genes, such as Fmr7, which is known to
be implicated in POF. Additionally, LineT is aberrantly upregulated and endogenous
retroviruses also are altered in Tet7-deficient oocytes. These molecular changes are
consistent with oocyte senescence and follicle atresia and depletion found in premature
ovarian failure or insufficiency. Our data suggest that Tet7 enzyme plays roles in
maintaining oocyte quality as well as oocyte number and follicle reserve and its
deficiency can lead to POF.

Keywords: Tet1, aging, epigenetics, oocyte, premature ovarian failure

INTRODUCTION

Ten-eleven translocation (Tet) methylcytosine dioxygenases play a major role in shaping DNA
methylation patterns through demethylation (Wu and Zhang, 2017). Tet enzymes have been
demonstrated to play important roles in ESC pluripotency and differentiation (Ito et al., 2010;
Koh et al,, 2011). However, Tetl or Tet2 -null mice are viable and overtly normal double
Tet1/Tet2-deficient mice are also obtained (Dawlaty et al., 2011, 2013; Ko et al., 2011), but, some
Tet1-deficient mice display a smaller body size at birth, which might reflect a developmental
delay. Moreover, Tetl-mediated 5 hmC signals play important role in DNA demethylation during
primordial germ cell (PGC) development and meiosis (Yamaguchi et al., 2012, 2013a; Hill et al,,
2018). Tet1 deficiency results in meiotic defects of PGCs, including impaired homologous pairing
and recombination in meiotic germ cells (meiocytes) during fetal development, probably due to
insufficient demethylation and failed activation of meiotic genes (Yamaguchi et al., 2013a), such
that Tet1-deficient mice at young age already exhibit reduced number of oocytes in the ovary and
subfertility (Yamaguchi et al., 2012, 2013a). It also will be interesting to investigate whether TetI
deficiency impacts reproductive aging of adult mice.
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From the onset of reproductive maturity, organismal
aging is characterized by declined fecundity, increased tissue
dysfunction, and susceptibility to disease or mortality (Rando
and Chang, 2012). The aging process is associated with altered
epigenetic regulation, including DNA methylation, histone
modification and chromatin remodeling (Zhang et al., 2020).
DNA methylation involves in many aspects of cellular and
molecular changes in aging (Lopez-Otin et al., 2013). Moreover,
change to DNA methylation in aging has been used to predict
the chronological age of human somatic tissues and individuals
(Hannum et al., 2013; Horvath, 2013). Predictions have been
made from heterogeneous samples such as lung, liver, and brain
tissues as well as whole blood and peripheral blood mononuclear
cells, and isolated CD4 + T cells, monocytes, and B cells
(Horvath, 2013). Epigenetic clock sites have been defined also in
multiple tissues in mouse (Stubbs et al., 2017) and age-related
methylation changes between mouse and human were partially
conserved (Maegawa et al., 2010). Deeper understanding of
epigenetic alterations in aging and the molecular basis of the
DNA methylation clock is of particular interest as epigenetic
modifications can be reversed, allowing manipulation to
potentially reverse aging and thus therapeutic potential (Rando
and Chang, 2012; Cole et al, 2017; Chen and Kerr, 2019;
Zhang et al., 2020). Nevertheless, it remains elusive whether Tet
deficiency can impact aging in the adult.

Ovarian aging is mainly characterized by a sharp decrease in
the number of oocyte and follicles and a decrease in oocyte quality
(van Rooij et al., 2005; Broekmans et al., 2007, 2009; Tatone
et al., 2008). The number of oocytes and follicles stored known
as follicle reserve at birth is fixed, which cannot be replenished by
germ cells in postnatal ovaries, but with age, periodic ovulation,
follicle atresia and apoptosis are the main causes of a sharp
decline in the number of follicles (Faddy, 2000; Bristol-Gould
et al., 2006; Broekmans et al., 2007; Djahanbakhch et al., 2007;
Notarianni, 2011; Zhang et al., 2012). Follicle depletion, in turn,
causes lower levels of estrogen secretion in the body, eventually
leading to menopause (Lawson et al., 2003).

Recently, we report that Tet2 deficiency accelerates
reproductive aging in the adult female mice (Wang et al,
2020). Here we compared the fertility of mice deficient for TetI
from young to reproductive old age. We report roles of TetI in
maintaining oocyte quality in addition to oocyte number for
preserving fertility with age.

MATERIALS AND METHODS
Tet1 Knockout Mice

Tetl knockout (Tetl”/~) mice were generated from
129 x C57BL/6] mixed genetic background (Zhang et al,
2013). Most of wild-type (WT) and Tetl knockout mice were
generated from TetI heterozygotes mating. For fertility analysis,
Tet1~/~ females were crossed with WT male at young age and
vaginal plugs were checked daily. All mice in the study were
maintained in a mixed 129 x C57BL/6 background. All mouse
experiments were carried out in accordance with the guidelines
and regulations and approved by the Institutional Animal Care
and Use Committee of Nankai University.

Genotyping

Postnatal mice at 2 weeks old were genotyped using DNA
extracted from their ears. PCR was carried out at 94°C for 2 min,
followed by 35 cycles at 94°C for 30 s, 60°C for 30 s, and
72°C for 1 min. DNA fragments were visualized by agarose gel
electrophoresis. The genotyping primers were listed as follows.

Tet1-C CAGTAGTA GCCTGCCTGCAT
Tet1-R TTCCCTAAGGAGTTTACTGCAACG
Tet1-F CATCCTAAATAACCCAACCACCAA

H&E of Ovary and Follicle Count

Ovaries were collected from different group mice (n > 10 mice
for young and middle-age group and n = 7-8 mice for old group)
and fixed by immersion in 4% paraformaldehyde (PFA) overnight
at 4°C, and tissues were embedded with paraffin wax, based on
previous methods (Liu et al., 2013). The follicles were categorized
into primordial and primary, secondary and antral, accordingly
(Myers et al., 2004). Follicles were classified as primordial and
primary if they contained an oocyte surrounded by a single layer
of squamous, or, cuboidal granulosa cells. Secondary follicles
were identified as having more than one layer of granulosa cells
with no visible antrum. Antral follicles possessed one or two small
areas of follicular fluid (antrum) or a single large antral space.

Oocyte Collection

For collection of oocytes for RNA-seq, female mice from the
different groups were superovulated by intraperitoneal injection
of 51U pregnant mare’s serum gonadotrophin (PMSG), followed
46-48 h later by 51 U human chorionic gonadotrophin (hCG),
to obtain MII oocytes. Granulosa cells attached to oocytes
were removed in M2, or HKSOM supplemented with 0.03%
hyaluronidase by gently pipetting.

Quantitative Real-Time PCR

RNA was isolated from ovaries using RNeasy mini kit (Qiagen),
and subject to cDNA synthesis using Moloney Murine Leukemia
Virus Reverse Transcriptase (Invitrogen). PCR reactions were
set up in duplicates using the FastStart Universal SYBR Green
Master (4913914001, Roche) and run on the Mastercycler®
RealPlex2 real time PCR detection system (Eppendorf). The
final PCR reaction volume in 20 pl contained 10 wl SYBR
Green PCR Master Mix, 1 pl ¢cDNA template, 2 pl primer
mixture and 7 ] water. Thermal cycling was carried out with a
10 min denaturation step at 95°C, followed by two-step cycles,
15 s at 95°C and 1 min at 60°C. Each sample was analyzed
using GAPDH as the internal control. Primers were designed
as follows.

Tet1-Foward
Tet1-Reverse
Gapdh-Foward
Gapdh-Reverse

CCTCACAGGCACAGGTTACA
ATTTGGGGCCATTTACTGGT
TCAACAGCAACTCCCACTCTTCCA
ACCACCCTGTTGCTGTAGCCGTAT
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Immunofluorescence of Spreads,

Sections, and Oocytes

For paraffin sections, after deparaffinizing, rehydrating and
washing in PBS (pH 7.2-7.4), the sections were subjected to
high pressure antigen recovery sequentially in citrate buffer
(pH 6.0) for 3 min, incubated with blocking solution (5% goat
serum and 0.1% BSA in PBS) for 2 h at room temperature, and
then incubated with the diluted primary antibodies [anti-5 hmC
(39769, Active Motif), anti-Tetl (MABE1144, Millipore), anti-
Oct4 (SC-5279, Santa Cruz)] overnight at 4°C. After washing
with PBS, sections were incubated with appropriate secondary
antibodies (Alexa Fluor® FITC, 488, or 594). The sections
were then stained with 1 pg/ml DAPI for 10 min to reveal
nuclei, washed with PBS, and mounted in Vectashield (H-1000,
Vector Laboratories, Burlingame, CA, United States). Relative
integrated fluorescence intensity for 5 hmC was estimated by
Image ] software. The threshold was defined using non-specific
background fluorescence.

Single-Cell Isolation and Lysis

MII oocytes were collected from young WT (n = 19), Tet1™/~
(n = 15) or from old WT (n = 19), Tet1~/~ (n = 14) mice
in two biologically repeated experiments. Single MII oocyte
was resuspended in PBS with 0.1% BSA (A3311-10g, Sigma),
picked up in 1 pL 0.1% BSA using a micropipette with an
epT.LP.S. pipette tip (0030000838, Eppendorf) under a dissecting
microscope, and transferred to the bottom of a 200-.L PCR tube
(8-strip, nuclease-free, thin-walled PCR tubes with caps, PCR-
0208-C, Axygen) containing oligo (dT) primer, Triton X-100,
and Recombinant RNase Inhibitor (RRI, 2313A, Takara). Samples
were frozen in liquid nitrogen and stored or used immediately.

Reverse Transcription

Frozen or fresh samples were melted on ice and 1 pL deoxy-
ribonucleoside triphosphate (R0191, Thermo Scientific) was
added into the tubes, vortexed gently, and incubated at 37°C for
3 min. The cDNAs were then synthesized using SuperScript™ 1T
Reverse Transcriptase (18064071, Thermo Scientific) by slightly
modified Smart-seq2 methods (Picelli et al., 2014), followed by 15
cycles of PCR using KAPA HotStart ReadyMix (KK2602, KAPA
Biosystems) and then purified using Agencount AMPure XP
beads (A63881, Beckman).

Library Construction and Sequencing
RNA-seq libraries were prepared using Smart-seq2 methods as
previously described (Picelli et al., 2014). Briefly, the libraries
were prepared by using TruePrep DNA Library Prep Kit V2
for Illumina® (TD503-02, Vazyme Biotech co.,ltd.) according to
the manual instruction. Samples were barcoded during library
preparation and multiplex sequenced, with a 150-bp pair-end
sequencing strategy on a HiSeq 10x (Illumina).

Single-Cell RNA-seq Data Analysis
Raw reads were processed using trim-galore and clean
reads were mapped to mm 10 from UCSC genome' by

1http://genome.ucsc.eclu/

Hisat2 (v2.1.0) with default parameters (Kim et al., 2013,
2015). Uniquely mapped reads annotated in Gencode vM17
were calculated by Featurecounts (Liao et al, 2014), with
default parameters (featureCounts —T 30 —O —Q 30 —p —a
gencode.vM17.annotation.gtf.gz -o v17.txt *.bam). Sum factor
normalization was applied with deconvolution of size factors
within different batch samples using SCnorm (Bacher et al,
2017). Raw counts were normalized by library size via
counts of exon model per million mapped reads (CPM).
Gene expression was counted in individual oocyte when the
transcript number was >1. Dynamic changes of differentially
expressed genes (DEGs) between different groups were
analyzed using Deseq2 (Love et al, 2014). DEGs were
defined only if p value was <0.05, and a fold change was
>1.5. Young TetlI~/~ oocytes had 2,013 downregulated and
1,557 upregulated genes, compared with those of young
WT oocytes. There were 1,448 downregulated and 1,696
upregulated genes in old TetI~/~ oocytes compared with those
of old WT oocytes.

Functional Annotation

Gene ontology (GO) terms were collected from MGI (Bult et al.,
2019) and kyoto encyclopedia of genes and genomes (KEGG)
pathways from KEGG pathway database (Wixon and Kell, 2000).
Enrichment results were obtained using clusterprofiler (Yu et al.,
2012) and KOBAS (Xie et al., 2011).

Analysis of Transposable Elements

Reads were mapped to mm 10 from UCSC genome see text
footnote 1 by Hisat2 (v2.1.0) with default parameters as above.
For estimation of retroelement expression, “repeatMasker” track,
was downloaded from UCSC genome browser in GTE based
on the genomic coordination in GTF files. Annotation file of
transposable elements was extracted and made as a SAF file,
which is uploaded in https://github.com/LianaLiu/single. Reads
were counted using featurecounts and only the unique mapped
reads with completely overlapping retrotransposon coordinates
were counted. Class and family of transposable elements are
also provided in the supplementary datasheet Supplementary
Table 1. Annotation of full-length retrotransposon elements
was constructed based on methods described previously
(Kaul et al., 2019).

Full length of L1 annotation file was also analyzed
according to the previous method (Deininger et al., 2017;
Kaul et al, 2019), with slight modifications, and 6,000 bp of
L1 sequence were assumed to be the full-length elements. We
utilized our paired-end RNA-seq reads aligned by Hisat2 and
Samtools to create a sorted bam file and annotated based on
our data.

Hormone Assays

Serum anti-Mullerian hormone (AMH) levels were assayed using
ELISA kit (CK-E90200, Hangzhou EastBiopharm CO., LTD.).
Quality control serum, sterilized distilled water, and five series
diluted standard samples for a standard curve were tested for
each serum sample. The intra- and inter-assay coeflicients of
variability for AMH were below 8 and 12%.
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Statistical Analysis

Data were analyzed by student’s t-test, %2 test or fisher’s exact
test for paired comparison, or by ANOVA and means compared
by Fisher’s protected least-significant difference (PLSD) for
multiple comparisons using the StatView from SAS Institute and
the graphs made by GraphPad Prism 7 (GraphPad Software,
San Diego, CA, United States). Kruskal-Wallis test was used
to compare multiple groups using ggpubr R package. Linear
regression analysis was done using GraphPad Prism 7. The data
between groups were considered significant when P < 0.05 (*),
0.01(**) or 0.001(***).

RESULTS

Tet1 Deficiency Reduces Follicle
Reserve and Causes Premature Ovarian

Failure and Infertility

To study whether Tetl regulates fertility with age, we employed
TetI deficient mice generated using homologous recombination
by deleting exons 11-13 (Zhang et al, 2013). Homozygous
Tetl knockout mice (TetI~/~) were produced by crossing
heterozygous mice (Supplementary Figure 1A). However, TetI
deficiency resulted in death of a small proportion of embryos
(Supplementary Figure 1B), consistent with previous study
(Yamaguchi et al., 2012). The Tetl knockout was evaluated
based on genotyping, as well as the minimal mRNA expression
level of Tetl determined by qPCR (Supplementary Figure 1C).
Also, Tetl protein was absent in TetI~/~ blastocysts by
immunofluorescence microscopy (Supplementary Figure 1D),
further validating the successful knockout of the Tetl gene.
Representative primordial oocytes were shown by enclosed
granulosa cells (Supplementary Figure 1E). The 5 hmC
levels of primordial oocytes from Tetl™/~ mice as shown by
immunofluorescence were decreased compared to WT oocytes
(Supplementary Figure 1F).

Wild-type (WT) and Tet1~/~ female mice at the reproductive
age of 2-4 months (young), 7-9 months (middle-age) and 10-
12 months (old), were mated with young WT males, and the
successfully mated females judged by the presence of mating plug
next morning were allowed to deliver the pups to determine the
fertility. WT mice exhibited reduced fertility with age as shown
by smaller litter size, as expected for natural reproductive aging
in females. Comparatively, TetI~/~ female mice manifested
declined fertility and accelerated reproductive failure with age,
as they produced smaller litter size than that of age-matched
WT mice (Figure 1A). By linear regression analysis, WT and
Tet1~/~ mice with age displayed similar negative slope in the
production of the offspring (Figure 1B). While WT females at
middle-age produced an average of six pups, Tet1~/~ deficient
age-matched mice or at an older age failed to give birth to a pup
(Figure 1A). Tet]~/~ female mice were infertile at middle-age.
This phenomenon is comparable to premature ovarian failure.
Consistently, ovaries of Tet] ™/~ females at three age groups were
lighter than those of age-matched WT females from young to
old age (Figure 1C). By examining the ovarian serial sections

by histology, the number of primordial and primary follicles as
well as secondary and mature antral follicles was dramatically
reduced in Tet1~/~ females from the three age groups, compared
to WT mice served as control (Figures 1D,E). Slope in the
declined number of follicles in WT mice with age appeared to
be much higher than did TetI=/~ mice, and the decrease of
secondary and antral follicles in TetI~/~ mice with age actually
was not significant (Figure 1F). This likely was because the follicle
reserve was already dramatically lower in TetI™/~ than in WT
mice at young age. Consistently, lower AMH levels indicative of
ovarian reserve were found in serum of Tet1 =/~ than in WT mice
at young age (Figure 1G). Therefore, Tet] deficiency decreases
fecundity particularly with age. The decreased fecundity is
largely caused by prominent reduction of follicle reserve and
development, and also probably by reduced oocyte quality.

Transcriptome Analysis of Tet7-Deficient
Oocytes in Comparison With WT Oocytes

To examine potential molecular changes in the oocytes, we
performed single-cell RNA-seq detecting an average number of
genes more than 15,000 (Supplementary Figure 2A) to analyze
the oocytes of Tetl=/~ (n = 15) and WT (n = 19) collected
from young mice in two biological repeated experiments.
Tet1~/~ oocytes showed 2,013 downregulated (p value < 0.05,
and a fold change <—1.5) and 1,557 upregulated genes (p
value < 0.05, and a fold change >1.5), compared with
WT oocytes (Figure 2A). Significantly downregulated genes
in Tetl~/~ oocytes included Fmrl and Tetl, supporting an
effective deletion of Tetl. Also, we analyzed differential gene
expression among chromosomes (Supplementary Figure 2A).
Notably, gene expression on chromosome X (Figure 2B) and in
mitochondrial functions (Figure 2C) was significantly decreased
in Tetl=/~ oocytes compared with WT oocytes. About 39
genes located on X-chromosomes such as Nudfl1, Tmem47,
and Fmrl were down-regulated in Tetl™/~ oocytes. Due to
the important roles of Fmrl, we used metascape to analyzed
the potential protein-protein interaction enrichment analysis
and found Fmrl might interact with Hnrnpu and Pabpcl
(Supplementary Figure 2B). Moreover, the upregulated genes
by Tet!1 deficiency were enriched in homologous recombination,
cell cycle, fanconi anemia pathway, Alzheimer’s disease, and
metabolic pathways, while downregulated genes enriched in
Ras signaling pathway, neurotrophin signaling pathway, which
can cause premature ovarian failure (Dorfman et al, 2014),
and notably autophagy and ubiquitin mediated proteolysis
(Figures 2D-F). By GO enrichment analysis, downregulated
genes after Tet] deficiency were enriched in mRNA processing,
regulation of mRNA stability, histone modification, negative
regulation of apoptotic pathway such as Uril, Rtkn2, Nr4a2,
Bcl212, Aktl and Psme3, and also protein polyubiquitination
(Figures 2G,H). Interestingly, genes for DNA repair, nuclear
division, chromosome segregation and organelle fission were
upregulated in TetI-deficient oocytes (Figures 2G,I). Increased
apoptosis has been implicated in reduction of germ cell numbers
(Yamaguchi et al, 2012). Together, these results suggest that
elevated organelle fission and reduced protein polyubiquitination
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FIGURE 1 | Tet7 knockout causes subfertility and premature ovarian failure. (A) Average litter size of wild-type (WT) and Tet? knockout (Tet?~/~) female mice at
three different reproductive age (young, 2-4 months; middle-age, 7-9 months; old, 10-12 months). n > 10 mice for young and middle-age group and n = 7-8 mice
for old group. (B) Linear regression analysis of the age effects on litter size between WT and Tet7~/~ mice. n > 10 mice for young and middle-age group and
n = 7-8 mice for old group. (C) Average weight per ovary from WT and Tet7~/~ mice. n > 7. (D) Representative images of hematoxylin and eosin (H&E) staining of
ovarian sections from young, middle-age and old groups. Scale bar, 500 um. (E) Number of primordial and primary follicles, or secondary and antral follicles from
WT and Tet7~/~ mice. n = 4-6. (F) Linear regression analysis of the age effects on the number of follicles between WT and Tet7~/~ mice. n = 3-4. ns, no significant
difference. (G) AMH levels in serum of WT and Tet7~/~ mice by ELISA assay (n = 4). The bars show mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. The P
value is labeled if P > 0.05 (A,E).

and autophagy might be implicated in reduced oocyte quality
resulting from loss of TetI.

Further, we compared our single cell RNA-seq data on oocytes
with published data on PGCs (Yamaguchi et al., 2012) and found
that 63 genes including Ruf8, Tet3, Fmrinb, and XIr5a/b/c were
commonly downregulated in both TetI-deficient oocytes and
PGCs (Supplementary Figures 3A,B). We also compared our
data using oocytes with the differentially expressed genes (DEG)
associated with differential methylated regions (DMR) from
published data using PGCs (Yamaguchi et al., 2012). About 20
genes, including Tet1, Sycp3, Dazl, and Sirt6, exhibited reduced
expression in association with increased methylation after TetI
deficiency (Supplementary Figure 3C). The analysis shows that

Tetl also plays a role in maturing oocytes in addition to its
function in PGCs and meiosis.

Transcriptome Analysis of Old
Tet1-Deficient Oocytes

We further analyzed differential gene expression between old
WT (n = 19) and Tetl=/~ oocytes (n = 14) in two biological
repeats. Tetl, as expected, and Dazl were downregulated in old
Tet1~/~ oocytes compared with old WT oocytes, while Dnmt3a
was highly expressed in old TetlI™/~ oocytes (Figure 3A).
Downregulated genes in old TetI~/~ oocytes were enriched
in insulin signaling pathway, Parkinson’s disease, pathways
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FIGURE 2 | Differential gene expression of Tet7~/~ and WT oocytes. (A) Scatter-plots showing gene expression profile between young Tet71=/~ (n = 15) and WT

(n = 19) oocytes from two biological repeats. (B) Boxplot showing gene expression on chromosome X and downregulated in young Tet7~/~ oocytes compared with
young WT oocytes. ****P < 0.0001. (C) Boxplot showing expression of genes on mitochondrial function and Downregulated in young Tet1~/~ oocytes. (D) KEGG
enrichment results showing genes downregulated or upregulated after Tet7 deficiency. X-axis represents the corrected p value (FDR) using Benjamini and Hochberg.
(E) Pheatmap showing genes enriched in autophagy signaling pathway down regulated in Tet7 deficient oocytes. (F) Pheatmap showing genes enriched in
Alzheimer’s disease upregulated in Tet7 deficient oocytes. (G) GO enrichment results showing genes downregulated or upregulated after Tet? deficiency. X-axis
represents the corrected p value (FDR) using Benjamini and Hochberg. (H) Pheatmap showing genes enriched in protein polyubiquitination in Tet7 deficient oocytes.
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in cancer and sphingolipid signaling pathway, and genes TetI=/~ oocytes. By GO enrichment analysis, genes upregulated
upregulated in old Tet1™/~ oocytes enriched in spliceosome, in old Tetl~/~ oocytes were enriched in cellular component
choline metabolism in cancer, and phospholipase D signaling  disassembly, negative regulation of organelle organization, small
pathway (Figure 3B). The expression of genes enriched in GTPase mediated signal transduction, DNA repair, regulation
insulin signaling pathway (Figure 3C), were decreased and of DNA metabolic process and protein localization to Golgi
genes enriched in spliceosome (Figure 3D) were increased in  apparatus, whereas genes downregulated enriched in organelle
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FIGURE 3 | Differential gene expression of old Tet7~/~ and WT oocytes. (A) Scatter-plots showing gene expression profile between old Tet?~/~ (n = 14) and WT
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fission, protein dephosphorylation, proteasomal protein catabolic
process and negative regulation of apoptotic pathway including
genes including Aktl, Bcl2, Nr4a2, etc (Figure 3E). Expression
of genes enriched in proteasomal protein catabolic process were

loss of Tetl.

decreased (Figure 3F), and those in DNA repair were increased
(Figure 3G). Implication of increased DNA repair is not known,
but possibly suggests increased DNA damage stress due to
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Additionally, we analyzed the differential gene expression
between young and old TetI™/~ oocytes to explore the aging
effect on Tet1-deficiency. There were 1,117 upregulated and 1,216
downregulated genes in old TetI~/~ mouse oocytes compared
with young Tet]~/~ oocytes (Figure 4A). Comparatively, more
genes were upregulated and downregulated in old WT oocytes
(Figure 4B). By comparing the differential gene number between
WT and Tet1~/~ oocytes with mouse age, interestingly, aging
affects gene expression more in WT than in TetI~/~ oocytes
(Figure 4C). However, the mismatch repair was increased in
old Tetl™/~ oocytes compared with young TetI~/~ oocytes
by KEGG enrichment analysis (Figure 4D), while apoptotic
process was enriched in young Tetl~/~ oocytes (Figure 4E).
These results show that TetI deficiency may overlap some of the
aging effect on gene expression. Alternatively, based on complex

analysis above, Tet! deficiency induces partial aging effects on
oocyte function.

Increase of LINE1 Transcripts in Tet1~/~
Oocytes

Transposable elements (TEs) constitute approximately 40% of
the mouse genome (Bourchis and Bestor, 2004) and DNA
methylation plays roles in repressing TEs (Wu and Zhang, 2010;
Cardelli, 2018). Previously, loss of Tetl was associated with
increased methylation and reduced transcriptional activation of
TEs in PGCs (Hill et al,, 2018). We analyzed transcripts of
TEs in oocytes of young and old mice based on our single
cell RNA-seq data. Proportion of LINE and SINE was slightly
higher in Tet1™/~ oocytes compared with young WT oocytes
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(Figure 5A). Further analysis of different ERVs revealed that
the proportion of ERVL-MaLR was higher in Tet1~/~ than
that in WT oocytes (Figure 5B). Moreover, we used z-score to
compare the expression of ERVL-MaLR belonging to ERVL-Ma,
and showed that it was increased in Tet1~/~ oocytes (Figure 5C).
To further analyze the difference between young Tet1=/~ and

WT oocytes, we performed differential analysis using Deseq2 and
found that LI-musl and L1-mus3 transcripts were increased in
young Tet1~/~ oocytes compared with age-matched WT oocytes
(Figure 5D). Based on previous study, only 1/10 L1 elements
were full-length with lower coding for retrotranspositionally
competent L1 elements (Deininger et al., 2017). We further
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analyzed the full-length L1 family and found that LIMd_F3 was
notably highly expressed in TetI1~/~ deficient oocytes, in contrast
to WT oocytes (Figure 5E). These results together suggest that
Tet1 deficiency also may alter transcription of TEs in oocytes.

DISCUSSION

Here, we show that TetI deficiency leads to POF by influencing
the quality of oocytes, including aberrant X-chromosome
inactivation, and increased expression of Ll1-mus, as well as
the oocyte number and follicle reserve. Previous elegant study
demonstrated critical role of Tet] in meiosis/PGCs during fetal
development (Yamaguchi et al., 2012). Tetl deficiency leads
to aberrant meiosis, increased methylation on meiosis genes
and subfertility in young mice (Yamaguchi et al, 2012). We
extended the study by evaluating age effects on the fertility
and oocytes in adult mice deficient in Tetl. We find that TetI
deficient mice at reproductive middle-age already are completely
infertile, consistent with POF or primary ovarian insufficiency
(POI), which is characterized by the premature depletion of
ovarian follicles and infertility at mid-reproductive age (Shah and
Nagarajan, 2014; Delcour et al., 2019).

We show that Tetl deficiency upregulates genes for
Alzheimer’s diseases, but reduces expression of X-chromosome-
linked genes, such as Fmrl. These defects might be linked in
POF. Women with primary ovarian insufficiency (POI) or POF
are at increased risk for non-communicable diseases such as,
Alzheimer’s disease, cardiovascular disease, and osteoporosis
(Harlow and Signorello, 2000; Shah and Nagarajan, 2014). POF
has repeatedly been associated to X-chromosome deletions and
haploinsufficiency of X-linked genes can be on the basis of POF
(Ferreira et al., 2010). X chromosome inactivation could underlie
POF linked to cognitive impairment in Alzheimer’s disease (Al-
Hinti et al., 2007; Bretherick et al., 2007; Davey, 2013), regardless
existing discrepancy on X chromosome in POF. Moreover, fragile
X mental retardation type 1 (FMRI) gene premutation on the
X chromosome have been frequently found in POF or POI (Jin
et al., 2012; Shamilova et al., 2013; Bouali et al., 2015; Qin et al.,
2015; Mila et al., 2018). FMR1 gene premutation allele’s carrier
women have an increased risk for, or, susceptibility to POF
(Ferreira et al,, 2010; Pu et al., 2014). FMRI gene premutation
is the first single-gene cause of primary ovarian failure (Fragile
X-associated primary ovarian insufficiency) and one of the most
common causes of ataxia (fragile X-associated tremor/ataxia
syndrome), and multiple additional phenotypes including
neuropathy and neuropsychiatric alterations (Mila et al., 2018).

Moreover, loss of TetI increases DNA methylation as shown
by increased expression of Dnmt3a and declined 5hmC levels
in oocytes. Tet enzyme can regulate DNA demethylation
as well as transcription (Wu and Zhang, 2017; Greenberg
and Bourchis, 2019). DNA methylation is one of the best-
characterized epigenetic modifications and has been implicated
in numerous biological processes, including transposable element
silencing, genomic imprinting and X chromosome inactivation
(Wu and Zhang, 2010; Dai et al, 2016). Oxidation of
5-methylcytosine by TET dioxygenases can lead to global

demethylation (Dai et al., 2016; Wu and Zhang, 2017). About 60—
80% of the CpG sites in the mammalian genome are modified by
5 mC (Smith and Meissner, 2013). TET-mediated oxidation has a
locus-specific effect (Yamaguchi et al., 2012, 2013b; Dawlaty et al.,
2013; Wu and Zhang, 2017). For instance, integrative Genomics
Viewer reveals that the binding of Tetl and 5 hmC levels on
Fmrl locus in WT is decreased in Tetl-knockdown ESCs by
analysis of published data GEO datasets (GSE24841) (Williams
etal., 2011), likely reducing expression of Fmrl. Indeed, blocking
DNA methylation by 5-azacytidine (5-azaC or 5-azadC) has
achieved a significant reactivation of FMRI gene expression
in fragile X syndrome cellular models (Bar-Nur et al., 2012).
Also, L1 and ERVL-MaLR are aberrantly expressed in TetI-
deficient oocytes. LI is highly expressed during mouse oocyte
development and embryo cleavage stage (Jachowicz et al., 2017).
But, elevated L1 expression correlates with fetal oocyte attrition,
oocyte aneuploidy and embryonic lethality (Malki et al., 2014).

Additionally, Tetl deficiency results in declined
ubiquitination and autophagy but increased organelle fission
in oocytes, and these defects presumably can be detrimental
to clearance of damaged, or, senescent organelles in the cells.
Impaired autophagy can lead to POF (Gawriluk et al., 2014;
Delcour et al., 2019). TetI deficiency also decreases Ras signaling
pathways. Appropriate activation of RAS signaling is crucial for
directing normal follicle development (Fan et al., 2008).

Further experiments are required to investigate the underlying
molecular mechanisms of how Tetl regulates these signaling
pathways associated with POF or POI. Also, the question remains
as to whether Tetl has similar function in human fertility and in
POF patients. Nevertheless, our findings that Tetl may involve
in autophagy, X-chromosome activation and Alzheimer’s disease
provide additional insights into molecular basis of POF.
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For fully differentiated, long lived cells the maintenance of protein homeostasis
(proteostasis) becomes a crucial determinant of cellular function and viability. Neurons
are the most well-known example of this phenomenon where the majority of
these cells must survive the entire course of life. However, male and female germ
cells are also uniquely dependent on the maintenance of proteostasis to achieve
successful fertilization. Oocytes, also long-lived cells, are subjected to prolonged
periods of arrest and are largely reliant on the translation of stored mMRNAS,
accumulated during the growth period, to support meiotic maturation and subsequent
embryogenesis. Conversely, sperm cells, while relatively ephemeral, are completely
reliant on proteostasis due to the absence of both transcription and translation. Despite
these remarkable, cell-specific features there has been little focus on understanding
protein homeostasis in reproductive cells and how/whether proteostasis is “reset” during
embryogenesis. Here, we seek to capture the momentum of this growing field by
highlighting novel findings regarding germline proteostasis and how this knowledge can
be used to promote reproductive health. In this review we capture proteostasis in the
context of both somatic cell and germline aging and discuss the influence of oxidative
stress on protein function. In particular, we highlight the contributions of proteostasis
changes to oocyte aging and encourage a focus in this area that may complement
the extensive analyses of DNA damage and aneuploidy that have long occupied the
oocyte aging field. Moreover, we discuss the influence of common non-enzymatic
protein modifications on the stability of proteins in the male germline, how these changes
affect sperm function, and how they may be prevented to preserve fertility. Through this
review we aim to bring to light a new trajectory for our field and highlight the potential
to harness the germ cell’s natural proteostasis mechanisms to improve reproductive
health. This manuscript will be of interest to those in the fields of proteostasis, aging,
male and female gamete reproductive biology, embryogenesis, and life course health.

Keywords: protein homeostasis, reproductive aging, oxidative stress, chaperone, germ cell, oocyte, sirtuin,
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INTRODUCTION

A functional proteome is essential for the survival of cells and
organisms, resulting in a considerable investment of energy into
the maintenance of cellular protein homeostasis (proteostasis).
As energy demands change in response to the environment,
such as during aging and oxidative stress, proteostasis can be
compromised leading to a harmful accumulation of damaged or
misfolded proteins and the induction of degenerative diseases
such as Alzheimer’s disease (AD) and Amyotrophic lateral
sclerosis (ALS). For the male and female germline, the regulation
of proteostasis can be particularly challenging as the male
gamete experiences prolonged periods in the relative absence
of transcription and translation while the female gamete is
similarly transcriptionally inactive prior to fertilization and
embryonic genome activation. Consequently, maintaining a
functional proteome becomes heavily reliant upon proteostasis
machinery, the cellular environment and post-translational
protein regulation.

Distinctively, in the case of the gametes, the stakes are
extremely high as the maintenance of proteostasis throughout
the life of germ cells is critical to ensure the fitness of the
next generation. In recent years, a focus on characterizing the
proteomes of germ cells has begun to reveal the importance
of proteostasis both to cellular and organismal development,
as well as for fertilization. Herein, we provide an important
update on the contribution of proteostasis disruption to male
and female infertility and highlight key areas for future research
through the specific lenses of reproductive aging and oxidative
stress; two of the most prevalent elements that compromise germ
cell function and contribute to infertility in humans. Moreover,
we draw on relevant discoveries in somatic cells and model
organisms to propose a new trajectory for the field of mammalian
reproduction that may lead to better regulation of proteostasis
and the improvement of male and female reproductive health.

THE PROTEOSTASIS NETWORK IN
HEALTH AND DISEASE

Proteostasis describes the homeostatic relationship between
protein production, assembly, and degradation. It is thought
that up to 30% of newly synthesized proteins are misfolded
as a consequence of the complex intracellular milieu, where
macromolecular crowding poses as a major challenge to the
delicate state of equilibrium between the native and non-
native conformations of proteins (Grune et al., 2004; Houck
et al., 2012). Following translation, most nascent polypeptides
must correctly fold into their three-dimensional structures
prior to fulfilling their functional roles. Disruptions in this
process potentiates protein aggregation, in turn, requiring
cells to engage a consortium of defense mechanisms in
order to mitigate the impact of misfolded protein species
(Dobson, 2004; Schaur et al, 2015; Radwan et al., 2017).
The proteostasis network (PN) includes elements capable of
modulating protein synthesis/translation, trafficking, folding,
secretion and degradation; and can be altered transiently or

permanently in response to stress and other compounding factors
(Koga et al., 2011; Kim et al., 2013).

Protein aggregation can be triggered by numerous
cellular  challenges including oxidative  stress-induced
unfolding/misfolding, a compromised proteostasis network, or
age-dependent decline in protein folding machinery, diminished
quality control, as well as mutations that increase the propensity
of a protein to aggregate (Stefani, 2004). Different forms of
aggregates can arise from the same protein due to exposure
to diverse stress conditions. The term aggregate has broad
connotations, referring to composites of misfolded proteins that
compromise cellular function (Hohn et al., 2013; Mattoo and
Goloubinoff, 2014; Radwan et al., 2017). Similarly, whilst the term
amyloid refers to a type of insoluble protein aggregates, these
are dominated by fB-sheet secondary structures and a fibrillar
morphology and often found within inclusion bodies (Stefani,
2004). Concordantly, protein aggregation, and the accumulation
of the toxic protein species as a result of this process, is often
indicative of a decline in proteostasis (Radwan et al., 2017). The
unchecked propagation of protein aggregates often accompanies
the onset of severe disease states (Chiti and Dobson, 2006),
with notable examples including AD, ALS, type 2 diabetes, and
the spongiform encephalopathies (e.g., mad cow disease); all of
which are progressive disorders associated with high rates of
morbidity and mortality (Rambaran and Serpell, 2008).

Key Components of the Proteostasis
Network Relevant to This Review

In view of the deleterious impact of protein aggregation,
it is perhaps not surprising that somatic cells are generally
endowed with a sophisticated suite of cellular surveillance and
defense mechanisms designed to detect, counter and/or repair
protein aggregate formation. Such mechanisms include the
synergistic action of the heat shock response (HSR), unfolded
protein response (UPRFR and UPR™), ubiquitin-proteasome
system (UPS) and autophagic-lysosomal pathways; all of which
combine to play crucial roles in the maintenance of cellular
homeostasis (Figure 1). Whilst each of these mechanisms are
undoubtedly important, here we focus only on those elements
of the PN summarized in Figure 1 in order to provide context
to proteostasis mechanisms as they relate to male and female
fertility. For a comprehensive review of all proteostasis elements
and mechanisms see Labbadia and Morimoto, 2015 and Klaips
etal., 2018.

Protein Degradation

As a primary line of defense against aggregation-induced cellular
toxicity, the proteasome complex is responsible for the catalytic
degradation of irreversibly damaged and/or dysfunctional
proteins and the recycling of their components. Proteins destined
for proteasomal degradation are tagged with polyubiquitin
chain(s) consisting of four or more ubiquitin moieties, via the
action of one of the more than 600 ubiquitin ligases represented
in the human genome (Iconomou and Saunders, 2016; Zheng
and Shabek, 2017). The assembly of specific proteasome subunits
directs the formation of the 20S proteasome, 26S proteasome
(consisting of the 20S core plus 19S regulatory cap) and the
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FIGURE 1 | Summary of the cellular proteostasis network. The fate of misfolded proteins arising from oxidative stress (ROS)-induced cascades varies depending on
the nature of the protein and extent of damage. As depicted, adduction by reactive carbonyl species (RCS) such as 4-hydroxynonenal (4HNE) can elicit protein
misfolding and necessitate the engagement of a panoply of cellular defense mechanisms designed to prevent propagation of protein damage and/or directly
eliminate misfolded proteins. Among these mechanisms, the sensing of redox state and subsequent induction of heat shock response (HSR) by sirtuins (SIRT) leads
to the upregulation of heat shock protein (Hsp) expression. The HSPs, or chaperone proteins are capable of directing misfolded targets toward pathways of protein
refolding or targeted degradation via the ubiquitin-proteasomal pathway (UPS). As a more direct, but less selective route of degradation, misfolded proteins can also
be recycled via autophagy/lysosomal machinery. Alternatively, misfolded proteins can be compartmentalized into insoluble protein deposits (IPOD) or sequestered
into juxtanuclear quality control compartments (JUNQs) via shuttling between the cytoplasm and nucleus directed by nucleocytoplasmic transport machinery.
Elements of this figure were made in BioRender.
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immunoproteasome (20S in combination with an 118 regulatory
subunit), among other tissue specific forms (Grune et al., 2004;
Hohn et al,, 2013). In somatic cells, proteasome activity is up-
regulated in response to moderate levels of oxidative stress and
thereafter it fulfils a key role in the resolution of dysfunctional
and misfolded proteins (Ding et al., 2003; Pickering et al,
2010). In contrast, exposure to chronic and/or intense oxidative
insults can lead to proteasome inhibition and in extreme
situations, complete disassembly (Davies, 2001; Ferrington and
Kapphahn, 2004; Aiken et al., 2011). Proteasome activity is
also decreased in multiple organs with increased age and, in
model species such as Drosophila, these insults have contributed
to defective 20S and 19S association leading to compromised
26S proteasome assembly (Tonoki et al., 2009). Alternatively,
proteasomal dysfunction may also be caused by post-translational
modifications (PTMs) and the extent of substrate aggregation
(Keller et al., 2000; Im and Chung, 2016), with heavily cross-
linked proteins demonstrated to “clog” the proteasome and even
cause proteasomal inhibition (Hohn et al., 2013).

Crosstalk between the UPS and the autophagy-lysosomal
system is proposed to occur through the conformation of
ubiquitin chains as well as the activity of the autophagy receptor
p62 (Kocaturk and Gozuacik, 2018). As a compensatory, or
alternative, mechanism to the UPS, autophagy is a catabolic
process responsible for the degradation of superfluous and
dysfunctional organelles, long-lived proteins and protein
aggregate structures and can be categorized into three
distinct  subtypes, macroautophagy, chaperone-mediated
autophagy, and mitophagy (Lilienbaum, 2013; Peters et al.,
2020). Macroautophagy (hereafter referred to as autophagy)
is characterized by the formation of double membrane bound
structures, autophagosomes, and is regulated by mammalian
target of rapamycin (mTOR). Initially described as a non-
selective waste disposal pathway, selective roles for autophagy
have since been reported with regards to the removal of protein
aggregates or inclusions, a process termed aggrephagy (Mancias
and Kimmelman, 2016). As a clearance mechanism for protein
aggregates, aggrephagy has been investigated using multimerized
fluorescent particles which track the interaction of clusters
(mimicking aggregates) with ubiquitin prior to the recruitment
of p62 and microtubule-associated protein 1A/1B-light chain 3
(LC3), preceding lysosomal degradation (Janssen et al., 2018).
The selective nature of aggrephagy rests with a combination of
molecular chaperones such as BAG family molecular chaperone
regulator 3 (BAG3) (Gamerdinger et al, 2011; Lamark and
Johansen, 2012; Klimek et al., 2017) and autophagy receptors
such as p62 and TAX1BP1 (Bjorkoy et al., 2005; Pankiv et al,
2007; Sarraf et al, 2019), the latter of which links cargo
to autophagosomes.

Molecular Chaperones

The proteasome and lysosome are by no means the only
components of the PN that are dysregulated in response to
aging and oxidative stress. Indeed, it has been shown that nearly
50% of molecular chaperones expressed in the human brain are
differentially regulated equivalently upon aging or in response
to the development of neurodegenerative conditions (Smith

et al, 2015). Interestingly, 70% of the human “chaperome,’
consisting of >332 genes responsible for chaperone and co-
chaperone production (Brehme et al, 2014), is dysregulated
in opposing directions between cancer and neurodegeneration,
corroborating the notion that the collapse of the proteostasis
network is responsible for a wide range of pathogenic conditions
(Hadizadeh Esfahani et al., 2018).

The proteostasis network is modulated by an armada of
chaperones functioning as “holdases” and “foldases” (Hipp et al.,
2019). In their capacity as holdases, chaperones temporarily
prevent protein aggregation by binding to exposed hydrophobic
regions of proteins that would otherwise trigger aggregation
(Mattoo and Goloubinoff, 2014; Diaz-Villanueva et al., 2015;
Hipp et al,, 2019). Alternatively, those chaperones with foldase
activity facilitate protein stabilization, folding, disaggregation
and refolding. Although some chaperones are constitutively
expressed, the ability of some chaperones to be induced by stress
enables cells to adapt to changing environmental conditions
and intracellular signals (Hohn et al, 2013). The chaperone
machinery expressed in mammals, are broadly divided into five
main families based on molecular weight, namely the small
heat shock proteins (HSPs), HSP40s, HSP60s/CCT chaperonins,
HSP70s/110 and HSP90s (Hartl et al., 2011; Dun et al., 2012).

As a reflection of its importance as a protein stabilizer
within the PN (Hohn et al., 2013), HSP90 proteins account for
approximately 1-2% of all proteins in eukaryotic cells (Niforou
et al, 2014). The members belonging to the HSP90 protein
family are highly conserved molecules with an approximate
molecular weight of 90 kDa. The Human HSP90 family
includes five members with the overall structure of HSP90
homologs comprising three conserved domains; N-terminal
domain, C-terminal domain and middle domain (Hoter et al.,
2018). HSP90 proteins commonly work in concert with HSP70
(Mayer and Bukau, 2005; Labbadia et al., 2012; Radwan
et al,, 2017) to recruit the C-terminus of HSC70 interacting
protein (CHIP), which in turn ubiquitinates misfolded proteins
(Figure 1) to direct them away from refolding, and toward
proteasomal degradation (Shang and Taylor, 2011; Houck et al.,
2012; Hipp et al, 2019). Recent work from our laboratory
has implicated HSP90 in the mitigation of protein aggregate
accumulation in developing male germ cells; such that selective
HSP90 inhibition resulted in a significant increase in protein
aggregates (Cafe et al., 2020). Such findings imply that the action
of the HSP90 chaperone family in aggregate mitigation may
be conserved in germ cells and somatic cells. Similarly, the
HSP70 chaperone family also fulfils ancillary roles in protein
transport, folding, degradation, dissolution of protein complexes
and control of regulatory proteins (Daugaard et al., 2007). By
way of example, an 8-fold increase in HSP70 abundance has been
recorded in neuronal cells harboring mutant huntingtin protein
[mHtt; an amyloidogenic mutant that drives the progression
of Huntington’s disease (HD)] (Tagawa et al, 2007). Such
a result may arise as a consequence of the sequestration of
HSP70, and its co-chaperone HSP40, into aggregates in HD, thus
reducing their availability to participate in refolding (Simoes-
Pires et al, 2013). The importance of the HSP40/70 activity
is demonstrated by the ability of this complex to reduce
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polyglutamine (polyQ) formation, and superoxide dismutase
1 (SOD1; the major protein involved in ALS pathogenesis)
aggregation (Wacker et al., 2004; Smith et al., 2015). Additionally,
the intercellular transmission of HSP40/70, via exosomes, can
fortify the PN defenses of cells containing aggregated proteins
(Takeuchi et al., 2015).

The small heat shock protein family (sHSPs) enables cells
to respond to stress by stabilizing aggregation-prone proteins.
Members such as HSP27 can target damaged proteins for
UPS-mediated degradation, while HSP22 promotes autophagy-
mediated degradation of targets (Niforou et al., 2014). sHSPs
prevent aggregation of SOD1 (Yerbury et al., 2013), and promote
autophagic clearance through the interaction of HSP22 with
CHIP/HSC70/BAG3 (Crippa et al., 2010). As such, HSP22 and
HSP20 are elevated in response to AD, HD, and ALS, and
HSP27 is found in tangles of hyperphosphorylated tau in AD
(Treweek et al., 2015).

Compartmentalization and Partitioning

A widely conserved mechanism to combat the toxicity of
protein aggregates is through the compartmentalization and/or
sequestration of misfolded proteins within cells. In several
studies it has been shown that cytoplasmic aggregates exhibit
higher toxicity than their nuclear counterparts, possibly due
to the sequestration of aggregates into intranuclear inclusions
(Woerner et al, 2016) and interactions with compartment
specific chaperones (Da Cruz and Cleveland, 2016). The
three main examples of this compartmentalization include
the formation of aggresomes at the microtubule organizing
center (Kawaguchi et al, 2003; Simoes-Pires et al., 2013),
the sequestration of ubiquitinated misfolded proteins into
juxtanuclear quality control compartments (JUNQs) and the
direction of terminally aggregated proteins to insoluble protein
deposits (IPODs; Figure 1; Kaganovich et al., 2008; Radwan
et al., 2017) for resolution via autophagy (Hohn et al., 2013).
Furthermore, recent research in this field has implicated the
nucleocytoplasmic transport machinery in the regulation of
proteostasis in somatic cells (Shibata and Morimoto, 2014).

The nuclear envelope enforces spatial separation of the
nucleus and cytosol of eukaryotic cells and consequently the
segregation of genetic material, transcriptional and translational
machinery, and metabolic systems. As such, there is a
requirement for transport machinery to recognize and regulate
the movement of molecular components across the nuclear
envelope (Pemberton and Paschal, 2005; Lange et al., 2007).
The intracellular distribution, and hence the mislocalization
of proteins, appears to be key to their toxicity (Ferrigno and
Silver, 2000; Barmada et al, 2010). Accordingly, mutations
in the nuclear localization sequence (NLS) of misfolded
proteins (the sequence that targets them for nuclear import)
increases their toxicity (Woerner et al, 2016), with their
aberrant interactions with the nuclear pore contributing to
protein conformational disorders including ALS and tauopathies
(Eftekharzadeh et al, 2018). Additionally, the mislocalization
of nuclear import machinery (KPNA2 and B1), along with
nuclear pore components, has been found in the brains and
spinal tissue of ALS patients (Kim and Taylor, 2017). Moreover,

cytoplasmic aggregates have the ability to disrupt the transport
of other biomolecules through the nuclear pore (Woerner et al.,
2016; Radwan et al., 2017), further perpetuating proteostatic
imbalance. Such defects can be perpetuated from the host cell
onto daughter cells, with protein aggregate inclusions (IPOD
and JUNQ) known to be asymmetrically inherited into daughter
cells at the cost of mitosis speed and lifespan of the daughter
cell (Rujano et al, 2006). Whilst a myriad of karyopherin
proteins have also been identified in the male (Loveland et al.,
2015) and female germ lines (Mihalas et al,, 2015), we are
only just beginning to understand the role they may play in
mitigating the risk posed by misfolded proteins in these cells
(Cafe et al., 2020).

Post-translational Modifications

Owing to their innate ability to alter protein structure
and function, PTMs can modulate and disrupt biological
processes associated with cellular longevity, reproduction
and neurodegeneration (Sambataro and Pennuto, 2017;
Santos and Lindner, 2017). There are hundreds of PTMs
that proteins can acquire during the life-course of a cell,
ultimately giving rise to a dynamic proteome that is vastly
more complex than the genome would suggest (Kulkarni
and Uversky, 2018). Occurring via both enzymatic and
non-enzymatic means, common forms of PTMs include
phosphorylation,  glycosylation, acetylation, —methylation,
sumoylation, palmitoylation, biotinylation, ubiquitination,
nitration, chlorination, and oxidation/reduction. Illustrative
of the extent of PTMs, it has been proposed that as many as
80-90% of proteins may be acetylated in eukaryotic organisms
(Arnesen et al., 2009), while approximately 30% are subject to
phosphorylation (Cohen, 2000).

Unlike physiological PTMs, carbonylation reactions are
generally held to be detrimental and capable of leading to
protein misfolding, crosslinking and eventually aggregation
(Petersen and Doorn, 2004), that is archetypal of many disease
states (Bizzozero et al., 2005; Liu et al, 2005; Reed et al,
2009). Protein carbonylation refers to chemical modification
of the primary structure of a protein via the addition of
reactive carbonyl species (RCS), a prime example of which
is 4-hydroxynonenal (4HNE) adduction. 4HNE exhibits dose-
dependent effects on cellular function with lower doses increasing
proteasome activity and higher doses being incongruous with
cellular function, leading to protein aggregation, proteasomal
inhibition and eventually cell death (Aiken et al, 2011;
Bromfield et al, 2015, 2017; Nixon et al.,, 2019a). Elevated
concentrations of 4HNE have also been detected in association
with various neurodegenerative diseases and causally linked
to disease pathologies via adduction and dysregulation of
the cellular proteome (Yoritaka et al., 1996; Markesbery and
Lovell, 1998; Schaur et al., 2015). Illustrative of this is the tau
protein, which is known to be modified by 4HNE resulting
in the stabilization of neurofibrillary tangles (Liu et al., 2005).
Additionally, as a potential contributor to the propagation of
protein aggregation, 4HNE treatment of neurons results in a 2.5-
fold increase in the packaging of a-synuclein (the aggregation
of which is responsible for Parkinson’s disease) oligomers/fibrils
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into extracellular vesicles, which can be internalized by untreated
neurons, thus disseminating aggregates and enhancing toxicity
(Zhang et al., 2018). As discussed in the sections below, 4HNE
treatment also elicits pervasive impacts in both the male and
female germlines.

Aside from carbonylation, ubiquitination, nitration and
phosphorylation modifications have also been linked to the
aggregation of proteins such as a-synuclein with downstream
consequences including neurotoxicity (Santos and Lindner,
2017). Additionally, as ubiquitination often competes for the
same residues as acetylation, this can accentuate protein
aggregate accumulation. Indeed, it has been shown that
insufficient levels of SIRT1, can preclude proteasome-mediated
degradation of substrates since the acetylation of lysine residues
effectively prevents access of ubiquitin ligases (Min et al,
2013). In a similar context, hyperphosphorylation of tau can
dramatically increase aggregate formation and is associated with
tau tangles in AD (Fujiwara et al., 2002; Ren et al., 2014). In
addition to the ability of PTMs to modify the activity of individual
proteins, at times promoting their aggregation, PTMs have also
been shown to decrease proteasome activity through direct
adduction. Both the carbonylation and oxidative modification of
proteasome subunits has been reported (Ishii et al., 2005; Hohn
and Grune, 2014), resulting in destabilization of the proteasome
complex and a commensurate inhibition of its catalytic activity.
Such modifications reduce proteolytic degradation of misfolded
or damaged proteins, leaving them instead to form aggregates
(Grune et al., 2004).

Considering the mature sperm cell is transcriptionally
and translationally quiescent, it must rely on the cumulative
efforts of PN components to maintain the fidelity of intrinsic
proteins during post-testicular maturation (Maciel et al,
2019). Fittingly, PTMs are crucial for the acquisition of sperm
functional competence, playing key roles in capacitation-
associated signaling events that underpin hyperactivated
motility and oocyte interactions (Aitken and Nixon, 2013;
Nixon and Bromfield, 2018). Whilst they are crucial for normal
function, PTMs are interlinked with diverse disease states,
extending beyond neurodegeneration to include infertility.
Highlighting this, excessive levels of reactive nitrogen species
(RNS)-induced modifications have been documented in the
defective spermatozoa of asthenozoospermic patients (Lefievre
et al, 2007; Martinez-Heredia et al, 2008). Additionally,
dysregulated glycosylation, acetylation, ubiquitination, and
SUMOylation are linked to abnormal sperm morphology and
impaired fertilization and embryo development (Samanta
et al., 2016; Maciel et al., 2019). These protein modifications
represent important examples of the parallels that exist
between germ and somatic cell proteostasis. Indeed, a range
of features associated with neurodegenerative conditions,
including dysregulation of the PN, are common to the
pathologies of both male and female infertility (Supplementary
Table 1). This information is critical to our understanding
of how we may manipulate the PN to prevent fertility loss.
Accordingly, in the following sections we consider to the
contribution of proteostasis to male and female germ cell
development and fertility.

MAINTAINING PROTEOSTASIS DURING
MALE GERM CELL DEVELOPMENT

Advanced paternal age has been linked to declines in semen
quality with a reduction in volume and sperm motility (Frattarelli
et al, 2008), increased morphological abnormalities [most
pronounced in men over 50; (Kidd et al., 2001)], increased time
to pregnancy (Ford et al., 2000) and an increased mutational load
due to DNA damage (Petersen et al., 2018; Yatsenko and Turek,
2018; Pino et al, 2020). Additionally, evidence is mounting
in support of a link between advanced paternal age and the
incidence of developmental abnormalities in offspring including
autism and schizophrenia (Drevet and Aitken, 2020), but the
etiologies underpinning reductions in semen quality remain
largely unresolved. Notwithstanding this increasing evidence that
paternal age does pose concerns in terms of both male fertility
and offspring health, the role that proteostasis disruption may
play in these issues remains uncharacterized. Despite this, in the
context of sperm production and function, protein homeostasis
and the PN network are known to be critical for successful
sperm production and maturation (Dun et al., 2012) and in
the survival and function of mature spermatozoa that carry
out fertilization in the relative absence of transcription and
translation (Bromfield et al., 2015). Moreover, it is well known
that the mature spermatozoon is highly sensitive to oxidative
protein damage due to a lack of cytoplasmic antioxidants and
functional detoxifying machinery (Drevet and Aitken, 2020).
Thus, irreversible protein damage, such as that elicited by RCS
and other lipid peroxidation products, can rapidly affect sperm
cell motility and viability (Bromfield et al., 2019). Given this,
it is not surprising that oxidative stress is one of the major
contributing factors to clinical male infertility.

Herein, we discuss what is known regarding protein
homeostasis across the specific stages of sperm cell development
and how the PN network relates to male fertility, especially in the
context of oxidative cellular damage.

Testicular Germ Cells
In mammals, the establishment of a self-populating stem cell
niche in the testis occurs during early embryonic development
and underpins the ability to produce gametes at sexual
maturation. The male gametes, spermatozoa, are produced
through a synchronized and highly complex differentiation
pathway known as spermatogenesis (Figure 2). The stringent
regulation of spermatogenesis is enabled by the compartmental
organization of the testis; tight junctions between Sertoli cells
form a blood-testis barrier that gives rise to an immune-
privileged intratubular environment, which is maintained with
support from the Sertoli and peritubular myoid cells as well
as Leydig cells residing in the interstitium (Hermo et al., 2010;
Garcia and Hofmann, 2015). All of these factors are required
to act in concert with one another and in response to inter-
and intra-cellular signals, with any disruptions to the process of
spermatogenesis having the potential to result in subfertility.
Similar to somatic cells, developing male germ cells are
protected through the action of the UPS and formation of
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both maturational phases is intimately regulated by complex proteostasis networks, which work in concert to secure the continuous production of high quality

spermatozoa. Despite these quality control measures, the formation of protein aggregates has been documented at various sites within the male reproductive tract.
Although their origins remain largely enigmatic, such deposits have been ascribed both pathological and functional roles.

the spermatoproteasome. The testis specific proteasomal
subunit PSMAS8, which is incorporated into the core
“spermatoproteasome” (Uechi et al., 2014), responsible for the
degradation of ubiquitinated proteins during spermatogenesis
(Gomez et al,, 2019), is known to be dysregulated in infertile
patients presenting with varicocele (Agarwal et al., 2015). Further,
the UPS is responsible for the removal of excess cytoplasm and
ubiquitinated histones from developing germ cells (Hou and
Yang, 2013). Accordingly, increased ubiquitination profiles and
proteasome activity have been recorded in post-meiotic round
spermatids compared to their spermatocyte precursors (Tipler
et al., 1997). Downstream of testicular development there is also
evidence for ubiquitination of proteins on defective spermatozoa,
potentially causing a targeting of the whole cell for removal
through phagocytosis by the epididymal epithelial cells prior
to ejaculation (Sutovsky et al, 2001). Developmental studies
in Drosophila melanogaster reveal a number of paralogous

proteasome subunits that are testis-specific with knockouts
resulting in male sterility (Belote and Zhong, 2009). Similarly,

mice null for the PA200 proteasome subunit also exhibit reduced
fertility (Khor et al., 2006; Qian et al., 2013).

In addition to the quality control imposed by the UPS
during spermatogenesis, molecular chaperones constitute a key
component of the proteostasis machinery harbored by the male
reproductive system (Dun et al, 2012). In fact, a mutation
in HSP90A in mice contributes to the establishment of an
infertility phenotype attributed to the failure of spermatocytes
to progress beyond the pachytene spermatocyte stage and the
complete loss of subsequent germ cell populations (Grad et al.,
2010). Interestingly, a similar phenotype is observed in HSP70
family member knockouts of both HSPA2 (Dix et al., 1996) and
HSBP1 KO mice (Zhu et al, 1997; Rogon et al., 2014), with
failure to produce sperm in both KO backgrounds having been
linked to defects in synaptonemal complex formation and the
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assembly of a CDC2/cyclinB1 complex that is required for G2/M
transition (Zhu et al, 1997). Following meiosis, HSPA2 also
acts as a regulator of DNA packaging during spermatogenesis
(Dun et al., 2012).

During testicular sperm cell development, RCS such as 4HNE
and malondialdehyde (MDA) have been shown to modulate
germline protein homeostasis and the stability of HSPA2.
Evidence for this lies in the treatment of male germ cells with
RCS, which triggers protein adduction (Bromfield et al., 2015;
Nixon et al., 2019a), protein aggregation (Cafe et al., 2020) and
sensitizes spermatids to demise through a ferroptotic cell death
pathway (Bromfield et al., 2019). Additionally, the incubation of
spermatozoa with low levels of 4HNE is known to result in an
increase in proteasome activity and the subsequent proteolytic
degradation of HSPA2 (Bromfield et al., 2017). A summary of our
current understanding of the contribution of protein homeostasis
to sperm cell development and fertility is presented in Figure 2.

In addition to the important role that chaperones play in the
regulation of proteostasis in the male germline, the contribution
of sirtuin proteins to fertility has also received increasing
attention in recent years (Bell et al., 2014; Rato et al., 2016; Liu
et al,, 2017; Tatone et al,, 2018; Zhang et al., 2019; Alam et al,,
2020). Sirtuins (SIRTs) are a family of class III NAD-dependent
deacetylases that have been extensively linked to the regulation
of lifespan and the protection of cells against proteotoxicity.
Seven mammalian sirtuins have been identified as residing in
either the nucleus (SIRT1, 3, 6, and 7), cytoplasm (SIRT2) or
mitochondria (SIRT3, 4 and 5) (Yamamoto et al., 2007). In
these locations, SIRT activity is coordinated by interactions with
nicotinamide adenine dinucleotide (NADT). NAD™ is a central
molecule in cellular respiration and additionally has the capacity
to act as a signaling molecule and partake in redox reactions. It
follows that reduced NAD™ availability, such as occurs during
aging or in response to excessive oxidative stress, leads to a
concomitant reduction in SIRT activity and contributes to the
pathogenesis of disorders associated with protein misfolding
(Imai and Guarente, 2016). Conversely, the deacetylation of heat
shock factor 1 (HSF1) and subsequent activation of the HSR by
SIRT1 (Westerheide et al., 2009) has been shown to augment
protection against aggregation-based diseases. For instance,
SIRT1-mediated deacetylation of tau protein, the aggregation of
which is associated with the progression of AD, enhances its
degradation (Herskovits and Guarente, 2013).

The deletion of sirtuin genes results in the dysregulation
of male (and female) germline development (Tatone et al,
2018). As such, conditional ablation of sirtuins from male germ
cells leads to reduced fertility including delayed differentiation
of pre-meiotic germ cells, decreased sperm number, an
increased proportion of abnormal spermatozoa (Bell et al., 2014)
and disrupted acrosome biogenesis (Liu et al, 2017). These
phenotypes reflect the key role that sirtuins fulfill in sensing
imbalances in the metabolic state of cells and thereafter enabling
the cell to mount an appropriate stress response.

Epididymal Sperm Maturation
Although spermatozoa are morphologically mature when they
exit the testis, functional maturity is not achieved until

completion of epididymal transit. Owing to the purported
silencing of the cell’s transcriptional and translational machinery
(Ren et al, 2017), such maturational events are governed
by the extrinsic factors they encounter in the epididymis
and female reproductive tract (Nixon et al, 2019b). Upon
leaving the testis sperm enter the proximal caput segment of
the epididymis before being conveyed through the corpus to
cauda (distal end) whereupon they are stored until ejaculation.
Reflecting its role in the promotion of sperm maturation,
defects in epididymal physiology are linked to defective sperm
function and a failure to complete events related to fertilization
(Yeung et al, 1998; Cooper et al., 2004). This maturation
process is governed by the unique luminal microenvironment
in which sperm are bathed, comprising of both soluble factors
secreted by the lining epididymal epithelium, as well as those
packaged into extracellular vesicles known as epididymosomes
(Zhou et al., 2018).

One particular curiosity of the epididymal luminal
environment is the presence of insoluble extracellular
proteinaceous species resembling amyloid. Indeed, the
epididymis has been shown to contain amyloidogenic prion
protein both contained in epididymosomes and in soluble form
(Ecroyd et al., 2004) as well as amyloid forms of the CRES
(cystatin-related epididymal spermatogenic subgroup) protein,
following its secretion within the proximal caput (Cornwall,
2009). Notably, the amyloid structures formed from prion and
CRES proteins have been proposed to fulfill functional rather
than pathological roles, including acting as scaffolds (Chau et al.,
2008) and facilitating the delivery/uptake of luminal proteins
into the maturing sperm cells (Cornwall et al., 2011). Together
with exosomes, such interactions drive dramatic changes in
the sperm proteome including the loss, gain, modification
and/or repositioning of proteins. Illustrative of the scale of this
phenomenon, Skerget et al. (2015) identified 732 proteins that are
acquired by mouse spermatozoa and a further 1,034 proteins that
are reportedly lost from these cells as they transit the epididymis.
Among those proteins that display altered abundance, several
proteasome subunits become enriched in maturing sperm
(Skerget et al.,, 2015), with purported roles extending to the
mediation of downstream sperm-egg interactions. While this
dramatic remodeling is thought to happen in the relative absence
of protein turnover, upon interrogation using stable isotope
incorporation and mass spectrometry, a subset of epididymal
sperm proteins (and seminal vesicle proteins) were found to be
subject to rapid turnover suggesting there may be some capacity
for protein production (Claydon et al., 2012). In Infertile men,
alterations in the gene expression profile of epididymal epithelial
cells has been observed; with those encoding proteins involved
in protein folding, proteolysis, and ubiquitination, all found to
be downregulated (Dube et al., 2008; Cornwall, 2009). Similarly,
a conserved decrease in CRES expression has been reported
in infertile mouse models generated by either ablation of the
c-ros tyrosine kinase receptor or the transgenic expression of
the glutathione peroxidase 5 gene (GPX5) in all the epididymal
segments (Cooper et al., 2003, 2004).

In line with the identification of protein aggregates within
the epididymis, this specialized tissue contains functional

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 660626


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Cafe et al.

Proteostasis in the Male and Female Germline

elements of the UPS (Baska et al., 2008), which may facilitate
the removal of poor quality sperm and collaborate with
extracellular chaperones to maintain proteostasis within the
luminal environment. Notably, the bulk of the epididymal
extracellular chaperone activity appears to rest with the
glycoprotein clusterin (Humphreys et al, 1999), which is
abundantly secreted into the proximal epididymal segments to
account for as much as 41% of all luminal protein content
(Dacheux and Dacheux, 2002). Consistent with its identification
among protein aggregates in pathological disease states including
AD and diabetes (Wyatt et al., 2013; Foster et al., 2019), clusterin
also associates with prion protein in the epididymal lumen
(Ecroyd et al., 2004). Taken together, these data suggest that
clusterin may fine-tune the solubility of this protein within the
luminal environment (Cornwall et al., 2011). However, whether
such roles extend to regulating the extent of amyloid formation,
and hence function, among aggregation-prone proteins such as
CRES, remains to be investigated.

Mature Spermatozoa

The importance of proteostasis is not relinquished once the
mature spermatozoon is formed, instead the proteostasis network
remains crucial for fertilization processes. As such, a myriad of
barriers exist to ensure that the “fittest”/best quality sperm cells
are preferentially primed for fertilization. Among these quality
control measures, it has been shown that, in addition to their role
in promoting sperm maturation, epididymosomes may deliver
ubiquitin to moribund or poor quality spermatozoa, effectively
tagging them for degradation prior to ejaculation (Sutovsky et al.,
2001; Baska et al., 2008; Cornwall, 2009). Similarly, proteasome
activity also appears to play a role during capacitation and
acrosomal exocytosis, the final stages of sperm maturation that
occur in the female reproductive tract. Thus, chemical inhibition
of the sperm proteasome results in capacitation failure (Morales
et al., 2003), an inability of sperm to digest the zona pellucida
surrounding the oocyte (Sutovsky et al., 2004; Zimmerman et al.,
2011), and an attendant decrease in fertilization rates in vitro
(Pasten et al., 2005). In accordance with their purported role
in sperm-zona interactions, a complex consisting of multiple
proteasome subunits has been isolated from the surface of human
sperm (Redgrove et al., 2011). Moreover, in boar spermatozoa it
has been demonstrated that proteasome co-purifying proteins,
such as acrosin binding protein, appear to be processed by the
proteasome in a capacitation-dependent manner (Zigo et al.,
2019). Furthermore, decreased proteasome activity has been
correlated with decreased motility and normal morphology in
human spermatozoa (Rosales et al., 2011).

The chaperoning function of heat shock proteins has also
been implicated in the regulation of gamete interactions. In
one of the most well studied examples, HSPA2 has been
implicated in the assembly and presentation of zona pellucida
receptor complexes on the surface of mature human sperm cells
(Redgrove et al., 2012). In our laboratory, we have shown that
the dysregulation of HSPA2 that results from 4HNE adduction
under conditions of oxidative stress compromises human sperm-
zona interactions and leads to a loss of fertilization potential
(Bromfield et al., 2017). The physiological implications of HSPA2

dysregulation are also evident in the under-representation of
this protein witnessed in the spermatozoa of infertile men
(Cedenho et al., 2006; Redgrove et al., 2012). Additionally, the
loss or inhibition of alternative chaperones, such as HSP90A,
within the sperm proteome can also result in an infertility
phenotype. Specifically, Li K. et al. (2014) have demonstrated
that the pharmacological inhibition of HSP90 can prevent Ca?™
signaling and hyperactivation; raising the prospect that this
chaperone is important for calcium homeostasis associated with
sperm capacitation.

Contribution of Somatic Cells to

Germline Proteostasis

Sertoli cells are known as the “nurse” cells of the testis and,
through structural support and secretory action, are responsible
for initiating and regulating spermatogenesis. While their role
in the maintenance of testicular proteostasis is largely unknown,
analysis of testicular morphology in older men has revealed a
reduction in Sertoli cell number and an increased nucleus size
within the remaining Sertoli cells, which may be indicative of
increased protein turnover (Pohl et al., 2019). Sertoli cells have
been shown to contain multilamellar bodies with lysosome-like
characteristics termed myelinosomes (Yefimova et al, 2016).
Common in lysosomal storage and protein aggregation disorders,
myelinosomes act as storage organelles for misfolded proteins
and help maintain cellular homeostasis through non-catabolic
pathways. Interestingly, myelinosomes have also been identified
in Sertoli cells and seminal plasma (Yefimova et al, 2016,
2019, 2020). Huntingtin protein is present at equivalent levels
in both the brain and testis, with mutations leading to both
neurodegeneration and sterility (late onset) through a loss in
post-meiotic cell types and testicular atrophy (Van Raamsdonk
et al, 2006, 2007). Although, both pathologies can occur
concomitantly at ages >39 years, no aggregated forms of mHtt
have thus far been confirmed in the testes of individuals (or
in mouse models) affected by HD. This remarkable difference
between the brain and the testis was found to be due to
myelinosomes within Sertoli cells and their unique capacity to
secrete misfolded proteins to avoid aggregation and maintain cell
proteostasis. The ability to release the aggregation-prone mutant
form of Huntingtin (and also CFTR) but retain the normal
Huntingtin protein form is facilitated by the multivesicular
bodies (MVBs), whereby inhibition of MVB excretion resulted
in the retention of misfolded Huntingtin inside TM4 Sertoli
cells (Yefimova et al, 2016, 2019). This represents a newly
characterized and remarkable form of germ cell protection
afforded by its somatic cell neighbors.

Pathological vs. Functional Protein

Aggregation in the Male Germline

The formation of amyloid is not always a toxic event for cells
and organisms, as such the stability and resistance provided by
the cross-beta sheet structure has been exploited in essentially
all phyla, appearing in cellular materials as diverse as biofilms,
silk, and melanosomes (Stefani, 2004; Fowler et al, 2007;
Maury, 2009; Pham et al., 2014). Functional amyloid, defined
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as naturally forming filamentous aggregates, have also been
characterized in the context of reproductive tissues and fluid
including as key structural components of the acrosomal matrix
(Cornwall, 2009), epididymal plasma and the zona pellucida
surrounding the oocyte (Egge et al., 2015). It follows that the
structural remodeling of amyloids are linked to changes in
gamete function, as illustrated by the pH-dependent disassembly
of the acrosomal matrix that accompanies the acrosome
reaction/release of acrosomal contents in capacitated mouse
spermatozoa (Guyonnet et al., 2014). Proteomic analysis of the
“amyloid core” of the mouse sperm acrosome has revealed the
presence of the cystatins, CRES and cystatin C (Guyonnet et al.,
2014). Mice lacking CRES display fertility defects pertaining to
the inability of sperm to undergo acrosomal exocytosis in vitro
(Chau and Cornwall, 2011). Notably, CRES proteins have also
been confirmed to co-localize with positively stained amyloid
in epididymal lumen (Whelly et al, 2012, 2016) and have
been isolated from epididymal plasma using protein aggregation
pulldown strategies (Whelly et al., 2016). Consistent with the
antimicrobial properties that have been attributed to amyloid
formation in other systems (Kagan et al., 2012), the potential for
epididymal CRES proteins to confer antimicrobial properties and
protect sperm from ascending pathogens has also recently been
postulated (Hewetson et al., 2017).

Aside from CRES, cystatin C also co-localizes with amyloid
structures in the epididymal fluid and with AD-associated
amyloid plaques. A point mutation in human cystatin C (L68Q)
triggers cystatin C to become highly unstable and aggregation-
prone (Calero et al., 2001) to the point that its’ deposition in
the affected individual is fatal; findings that substantiate the
potential of functional amyloids to become pathological under
some conditions (Whelly et al, 2014). Similarly, transgenic
mice carrying the L68Q mutation of human cystatin C display
reduced fertility associated with a reduction in sperm-zona
pellucida binding, increased sperm cell death and agglutination.
Furthermore, incubation of wild-type sperm with epididymal
fluid from L68Q mutant mice recapitulates the mutant phenotype
(Whelly et al., 2014).

Building on the findings of mouse models, two classes
of amyloids with divergent primary sequence, but similar
biochemical properties, have been isolated from human semen,
namely: prostatic acid phosphatase peptides (PAP, also known
as Semen-derived Enhancer of Viral Infection or SEVI (Munch
et al., 2007; Lee and Ramamoorthy, 2018)) and semenogelin
(SEM) amyloid (Roan et al.,, 2017). Both SEVI (Munch et al,
2007; Rocker et al., 2018) and SEM (Roan et al., 2011) have
been associated with increased HIV transmission in vitro due
to amyloid-enhancement of virion attachment and fusion.
Contrasting to the roles of semen amyloid in HIV infection,
SEM fibrils are also proposed to promote the removal of
apoptotic/dysfunctional or excess sperm through engagement
of macrophage clearance (Roan et al., 2017). A mouse model
of Neisseria gonorrhoeae exposure also indicates that seminal
fluid amyloid is capable of preventing infection through
increased phagocytosis and stimulation of the immune response
(Shamri et al., 2013). With further research into extracellular
protein aggregation, the formation of amyloid in fluids of

the male reproductive tract may prove to widely contribute
to male fertility.

PROTEIN HEALTH DURING
REPRODUCTIVE AGING IN WOMEN

Unlike the prolonged period of fertility in men, the reproductive
capacity of women begins to decline precipitously in the
third decade of life (Silber et al, 2017). Corollary to this,
extensive efforts have been made toward defining the
mechanisms underpinning the age-dependent reduction in
oocyte quality/competence and the diminishing ovarian reserve.
This focus has led to a compelling new understanding of the role
of meiotic errors, DNA damage and chromosome abnormalities
in oocyte aging and early embryo development, areas that have
recently been reviewed (Greaney et al., 2018; Winship et al., 2018;
Martin et al., 2019).

For reproductive cells, errors in the segregation of the
chromosomes have particularly severe consequences as they give
rise to aneuploid embryos that often result in miscarriage or
suffer congenital abnormalities (Nagaoka et al., 2012; Greaney
et al., 2018; Gruhn et al., 2019; Hassold et al., 2020). Meiosis in
human oocytes is especially error prone with aneuploidy rates
ranging from 15% in younger women to a staggering 30-70%
in oocytes from older women and, by comparison, spermatozoa
have an average aneuploidy rate of 1-4% (Nagaoka et al., 2012;
Hou et al., 2013; Ottolini et al., 2015; Greaney et al., 2018; Gruhn
et al., 2019). While elegant studies of DNA damage, spindle
abnormalities and meiotic errors have provided unique insight
into oocyte aging and meiotic failure (Mihajlovi¢ and FitzHarris,
2018; Gruhn et al., 2019; Zielinska et al., 2019; Hassold et al., 2020;
Mikwar et al., 2020), advances in the application of proteomic
and RNA-sequencing technology to oocytes are beginning to
reveal an additional layer of complexity to this process whereby
declining proteostasis contributes widely to maternal aging
processes (Duncan et al,, 2017). Our improved understanding
of reproductive failure has been marked by the discovery that
proteins critical for meiosis, such as those comprising the
cohesion complex, are in fact extremely long-lived with no
capacity for renewal during oocyte development (Revenkova
et al., 2010; Tachibana-Konwalski et al., 2010; Burkhardt et al.,
2016; Lee, 2020). Furthermore, evidence for deleterious PTMs of
proteasome subunits coupled with declining proteasome activity
in aged oocytes has given rise to novel streams of research into
the maintenance of oocyte proteostasis (Mihalas et al., 2018).
Herein, we discuss the latest findings on age-related changes
to the oocyte proteome, the susceptibility of the mammalian
oocyte to declining proteostasis and highlight the merit of a
whole ovary approach toward a definitive understanding of
reproductive aging in women.

The Contribution of Declining

Proteostasis to Oocyte Aging

The female gamete is a long-lived cell that experiences periods of
prolonged arrest (of up to decades) and phases of transcriptional
quiescence that place immense pressure on protein networks for
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cell survival. In humans, folliculogenesis commences in utero
with the recruitment of pre-granulosa cells to germ cells to
form the primordial follicle. Primordial follicles are meiotically
arrested here in an extended prophase I, termed the germinal
vesicle (GV) arrest (Gosden and Lee, 2010). The majority of
oocytes in the ovary exist as primordial follicles constituting the
ovarian reservoir. These oocytes are then sequentially recruited
to the developing follicle pool at periodic intervals throughout
adult life where they undergo a protracted period of maturation
and eventually, ovulation (Coticchio et al., 2015). In congruence
with the length of time that they are held in meiotic prophase
in the ovary, these oocytes accumulate a legacy of exposure to
both exogenous and endogenous insults that can lead to DNA
and protein damage (Titus et al., 2013; Mihalas et al., 2017).

In understanding the susceptibility of oocytes to changes in
proteostasis, it is important to note that transcription ceases
when oocytes complete their growth phase prior to reentry into
meiosis (Gosden and Lee, 2010; Meneau et al., 2020). During
the growth phase, mRNA is synthesized for either immediate
translation or storage in repressive complexes (Huarte et al.,
1992; Meneau et al., 2020). During the subsequent maturation
phase, these repressive complexes are removed and translation
is activated (Martin et al., 2019; Meneau et al., 2020; Yang
et al, 2020). At this stage the oocyte is one of the most
translationally active cells in the body, placing unique pressure
on both ribosome biogenesis and accurate protein synthesis
to attain competence for fertilization (Gosden and Lee, 2010;
Duncan et al, 2017). While the progression through meiosis
is dependent upon active translation and protein accumulation
(Meneau et al., 2020; Yang et al., 2020), PTMs to existing proteins
also play an important role in the final stages of meiosis (Gosden
and Lee, 2010; Meneau et al., 2020). This phase represents a
critical window for proteostasis (from re-entry into meiosis until
embryonic cleavage) whereby phosphorylation changes driven
by cell cycle kinases are essential to enact meiotic resumption,
maintain metaphase II arrest, and guide early preimplantation
development (Kikuchi et al., 2002; Gosden and Lee, 2010;
Meneau et al., 2020). Given this, it is not surprising that follicles
from older mice, which have less robust protein quality control
mechanisms than their younger counterparts (Duncan et al.,
2017), suffer severe consequences from any loss of proteostasis
during development.

Analogous to the role of Sertoli cells in the support of
male germ cell development, the maturing oocytes within
the preovulatory follicle, and immediately after ovulation, are
enclosed within layers of nurturing cumulus cells (McLaughlin
and Mclver, 2009), which supply most of the metabolites and
signaling molecules essential for oocyte function (Russell et al.,
2016; Baena and Terasaki, 2019). While our understanding of the
effects of aging on the relationship between cumulus cells and the
oocyte is minimal, RNA sequencing of growing mouse ovarian
follicles has revealed a marked age-dependent upregulation of
oocyte specific genes that encode paracrine factors (namely
Fgf8, Gdf9, and Bmp15), which stimulate metabolic cooperativity
between the oocyte and granulosa cells. This finding is suggestive
of a response to decreased support from the surrounding somatic
cells to the oocyte with age, which may have downstream effects

on oocyte proteostasis (Duncan et al., 2017). Importantly, this
indicates that to understand changes in oocyte proteostasis with
age, both the cumulus cell proteome and the oocyte proteome
must be considered together.

Although proteomic studies focusing on the specific
contributions of the PN to oocyte aging remain to be performed,
recent studies have identified a large number of mouse
oocyte proteins and transcripts that are dysregulated at key
age transitions (Steuerwald et al., 2007; Grendahl et al,
2010; Schwarzer et al., 2014; Barragan et al, 2017; Duncan
et al., 2017; Wang et al,, 2020). Utilizing single-follicle RNA
sequencing, Duncan et al. (2017) have revealed important
signatures of disrupted proteostasis in the growing GV oocytes
from mice of advanced reproductive age (14-17 months).
Specifically, these aged oocytes were characterized by differential
expression of genes related to the nucleolus, endoplasmic
reticulum and protein processing, with a significant decrease
in proteins involved in: HSP binding, the UPR and misfolded
protein response, mannosylation, N-linked glycosylation, and
ubiquitination, in the follicles of older mice compared to their
younger counterparts (6-12 weeks). This suggests that young
oocytes are far more robust with regards to protein quality
control than older oocytes. These findings are well supported
by transcriptomic and single cell RNA sequencing studies
(Grondahl et al., 2010; Barragan et al., 2017; Wang et al., 2020)
that demonstrate the dramatic modulation of mammalian oocyte
transcriptomes with age, with the potential for these age-related
effects on transcription to result in methylation differences
(Castillo-Fernandez et al., 2020). These transcriptomic resources
will enhance our understanding of changes in proteostasis that
contribute to aging.

An additional resource to help understand how oocyte
proteostasis changes with age 1is the proteomic and
transcriptomic analysis performed by Schwarzer et al. (2014)
on oocytes from three life stages; pubertal (3 weeks), mature
(~8 weeks), and climacteric (~58 weeks). Interestingly,
quantitative comparison of changes in the transcriptomic and
proteomic molecular maps revealed a surprisingly low level
of correlation (Schwarzer et al., 2014). This important finding
suggests that transcriptomic analysis cannot necessarily be used
as a surrogate for proteomic analysis in aged oocytes, highlighting
a need for more comprehensive proteomic investigations into
oocyte and ovarian aging. Using the publicly available proteomic
dataset supplied by these authors (Schwarzer et al, 2014)
and other relevant transcriptomic and proteomic studies of
oocyte aging (McReynolds et al., 2012; Al-Edani et al., 2014;
Duncan et al.,, 2017), we have assembled a proteostasis-centric
resource to more comprehensively and rapidly survey datasets
for proteostasis network proteins that are dysregulated with
age (Figure 3 and Supplementary File 1). While the proteins
presented in Figure 3 require experimental validation to confirm
their directional changes, this in silico analysis sheds light on the
extent of the dysregulation to proteostasis elements that occurs
with age in cumulus cells and oocytes.

Notably, in aged oocytes 172 proteins related to molecular
chaperones have been identified as being dysregulated, almost
one quarter of which were also dysregulated in cumulus cells.
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FIGURE 3 | Proteomic/transcriptomic evidence for the dysregulation of the protein homeostasis network in aged oocytes and cumulus cells. To understand the
contribution of proteostasis to aging in oocytes and cumulus cells, four recent proteomic and/or transcriptomic datasets of maternally aged oocytes and cumulus
cells (Oocytes; Schwarzer et al., 2014; Duncan et al., 2017; Cumulus cells; McReynolds et al., 2012; Al-Edani et al., 2014) were analyzed for dysregulated elements
involved in proteostasis. Proteins and transcripts were defined as “age-dysregulated” by individual cut offs (fold change and significance) specified by the authors of
each primary research paper. A database of all proteostasis network related proteins was compiled from neXtProt (Zahn-Zabal et al., 2020; v2.27.0;
https://www.nextprot.org; neXtProt Data release 17/01/2020) through six individual searches titled “Protein homeostasis, Protein aggregation, Autophagy,
Nucleocytoplasmic transport, Ubiquitin/proteasome, and Molecular chaperone.” Human neXtProt protein accessions were then mapped to their UniProt mouse
homologs to generate both mouse and human proteostasis databases (found in Supplementary File 1). Age-dysregulated proteins and transcripts listed in the
Supplementary Material of the four primary manuscripts were uniformly converted to their corresponding mouse homologs and UniProt protein accessions and
used to search for corresponding proteostasis related ID’s in the 6 NeXtProt database categories. These data were used to generate Venn diagrams comparing the
putative age-dysregulated proteins in oocytes vs. cumulus cells and to supply relevant examples of dysregulated proteins adjacent to the component of interest.
Aged oocyte IDs were from CBCF1 mice aged between 14 and 17 months (climacteric) and aged cumulus cell IDs were from cumulus-oocyte complexes from
women of equivalent advanced maternal age (37-45 years). Examples included in Figure 3 were selected from age-dysregulated protein IDs. Full protein names,
UniProt accessions, the proteostasis network database used to generate this figure, and lists of oocyte and cumulus cell dysregulated protein accessions can be
found in Supplementary File 1. The sharing of IDs between aged oocytes and cumulus cells is putative but provides novel candidates for research into the
contribution of declining proteostasis to reproductive aging. Elements of this figure were made in BioRender.

Other dysregulated oocyte and cumulus cell proteins include
those involved in PTMs such as SUMO1, NEDDA4L, and multiple
enzymes featured in ubiquitylation pathways (Supplementary
File 1). Importantly, the ubiquitin encoding gene Ubb is known
to be essential for meiotic progression in mouse oocytes (Ryu
et al, 2008). Intriguingly, some of the dysregulated proteins
mapped to karyopherin family proteins and nuclear pore
proteins involved in nucleocytoplasmic transport (Figure 3).
While the contribution of these proteins to oocyte aging
is unknown, it is possible that, analogous to somatic cells,

oocytes use nucleocytoplasmic transport to ensure subcellular
management of misfolded or aggregating proteins. Recent studies
of karyopherin expression has indeed mapped unique expression
profiles for many of the members of this family in oocyte and
follicle development (Mihalas et al., 2015), citing a possible role
for these proteins in meiotic spindle function. Moreover, we
have recently demonstrated that the inhibition of karyopherin A2
and B1 (KPNA2/B1) and XPO1 can exacerbate the formation of
protein aggregates in male germ cells and contribute to a loss of
cellular viability (Cafe et al., 2020). This provides a clear impetus
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to study nucleocytoplasmic transport in oocytes and cumulus
cells as a potential contributing factor to oocyte aging.

Finally, several proteasomal degradation related proteins were
also altered in oocytes and cumulus cells with age (Figure 3).
This agrees with our findings that proteasome activity declines in
aged mouse GV oocytes, which can be modeled in vitro through
the induction of oxidative stress using 4HNE (Mihalas et al.,
2018). Through this model we have also identified several core
proteasome subunits that are sensitive to direct modification
by 4HNE, a phenomenon that also disrupts proteostasis in
somatic cells (Jung et al., 2014). 4HNE also elicits a reduction
in kinetochore-microtubule and tubulin polymerization that
may contribute to oocyte aging and increases in aneuploidy
(Mihalas et al., 2017, 2018). Coupled with the knowledge that
cohesin and several centromere-specific histones are long-lived
proteins that deteriorate with age in the absence of renewal
pathways (Revenkova et al., 2010; Tachibana-Konwalski et al.,
2010; Burkhardt et al.,, 2016; Greaney et al., 2018; Lee, 2020),
proteostasis defects either driven by oxidative modifications
or the collapse of protein quality control over time, form a
compelling explanation to support many aspects of oocyte aging
and the loss of meiotic fidelity.

Ovarian Tissue Aging and Reproductive
Disorders

While many dysregulated proteins featuring in proteomic and
transcriptomic datasets are common to aged cumulus cells and
aged oocytes (Figure 3), a majority of the proteins mapped in
each proteostasis category are in fact unique to each specific cell
type. Such findings reinforce the pressing need to thoroughly
investigate both the somatic and germ cell contributions to
reproductive failure in women. Beyond the follicles themselves,
the ovarian stroma also experiences age related changes that
contribute to declining fertility. The ovarian stroma is highly
heterogeneous and consists of abundant extracellular matrix
(ECM) components, fibroblasts, endothelial cells, smooth muscle
cells and immune cells (Tingen et al., 2011). This extra-follicular
compartment of the ovary is the microenvironment in which
follicles develop and provides important signaling and structural
support. Although the mechanisms remain uncertain, it is
known that an age-dependent increase in stromal inflammation
and fibrosis also negatively impacts the quality of the gametes
(Rowley et al., 2020).

An important component of the stromal compartment
is the ECM and, in particular, its ubiquitous component,
hyaluronan; a linear polysaccharide with pleiotropic roles in
tissue structure, cell signaling and inflammation (Rowley et al.,
2020; Takasugi et al, 2020). In the context of the ovary,
recent work has demonstrated that total hyaluronan content
in the ovarian stroma decreases with age and is effectively
“replaced” by collagen leading to dramatic changes in ovarian
biomechanics pertaining to increased stiffness (Amargant et al.,
2020). Importantly, these age-associated changes are conserved
between the mouse and humans (Amargant et al., 2020) and may
be associated with the production of oocytes with compromised
morphology, poor meiotic competence, and impaired granulosa

cell function (Amargant et al, 2020; Rowley et al, 2020).
In pathological states or during tissue aging, it also known
that the fragmentation of hyaluronan yields a low molecular
weight polymer (<250 kDa) linked to inflammation, fibrotic
disease (Takasugi et al,, 2020). Conversely, in healthy tissues,
high molecular mass hyaluronan (>1 MDa) predominates and
promotes tissue hydration, homeostasis and the protection
of cells from stress-induced cell cycle arrest and cell death
(Takasugi et al., 2020).

These latter discoveries flowed from investigation of the naked
mole-rat, the longest lived rodent with a lifespan of up to 30 years;
exceeding its predicted lifespan by fivefold (Edrey et al., 2011).
Uniquely, the reproductive function of female naked mole-rats
also increases with age until the animals reach >20 years old
(Buffenstein, 2008). In understanding the remarkable lifespan
of this rodent it is important to note that the naked mole-rat
produces very high molecular weight hyaluronan (>6 mKD).
This high molecular weight hyaluronan greatly exceeds the length
of other mammalian species and is synthesized by a form of
hyaluronan synthase 2 (HAS2) that differs from that found
in mice (Tian et al., 2013; Faulkes et al, 2015). Additionally,
naked mole-rat proteins are better at maintaining their structure
and function under conditions of oxidative stress (Perez et al.,
2009; De Waal et al,, 2013), which can partially be explained
by high proteasomal (Rodriguez et al., 2012) and autophagic
activity (Zhao et al, 2014). This implies that the handling of
proteotoxic stress, rather than presence or absence of the damage
itself, is likely to influence cell longevity and viability (Takasugi
et al, 2020). While the mechanisms promoting hyaluronan
fragmentation are not entirely understood, age-dependent
increases in hyaluronan degradation enzyme (hyaluronidase)
activity and ROS production have been implicated (Monslow
et al,, 2015). This suggests that the protection of the ovary from
oxidative stress and/or the bolstering of high molecular mass
hyaluronan in the ovarian stroma may provide novel avenues to
prevent the deleterious changes associated with aging.

Providing a Clean Slate for

Embryogenesis

Following fertilization, proteostasis has been shown to play
a remarkable role in promoting healthy zygote/embryo
development as it prevents the transmission of oocyte-harbored
aggregates and toxic species to the next generation. In this
context, studies in the model organism, Caenorhabditis elegans,
have demonstrated that proteostatic remodeling events are
capable of eliminating protein aggregates within the oocyte. This
process is initiated upon mating via the action of sperm-secreted
hormones, which activate a switch (VATPase catalytic subunit)
to promote lysosomal acidification, effectively preparing a “clean
slate” for proteostasis in the zygote (Bohnert and Kenyon,
2017). Acidification of the lysosome under these conditions
occurs in concert with altered mitochondrial activity and
metabolism within the oocyte, suggesting an important link
between metabolism and proteostasis (Bohnert and Kenyon,
2017). Interestingly, it has also been shown that female worms
devoid of sperm fail to initiate and clear protein carbonyls,
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while conversely, sperm-proximal oocytes in hermaphrodites
efficiently remove protein carbonyls and exhibit a marked
increase in the capacity to degrade protein aggregates (Goudeau
and Aguilaniu, 2010). In addition to these observations in
C. elegans, novel findings in budding yeast suggest that the
process of meiotic differentiation is capable of eliminating
the cellular damage induced by aging (Unal et al, 2011;
King et al, 2019). This occurs through the sequestering of
nuclear senescence factors, including aggregates, away from
the chromosomes during meiosis II (King et al, 2019). This
remarkable process leads to the elimination of abnormal
cellular components such as aggregates, extrachromosomal
ribosomal DNA and abnormal nucleolar material, preventing the
inheritance of these factors into the newly formed gametes in a
form of “meiotic rejuvenation.” Conversely, some amyloid-like
protein aggregates can play functional rather than pathological
roles and are utilized by cells as important regulators of
gametogenesis. This was first described for the RNA binding
protein Rim4 that is required for translational repression
during gametogenesis in yeast (Berchowitz et al., 2015). Whilst
equivalent mechanisms of proteostatic remodeling and meiotic
rejuvenation have yet to be investigated in mammalian oocytes,
the detection of lysosome acidification during Xenopus oocyte
maturation raises the prospect that at least the former may be a
conserved phenomenon (Bohnert and Kenyon, 2017).

Proteostasis and Female Reproductive

Health Issues

Beyond the oocyte itself, the broader contributions of proteotoxic
stress to pregnancy complications and female reproductive health
issues are starting to receive considerable attention. In women
with endometriosis, new evidence points to an excess of ROS
in the granulosa cells of growing follicles that results in a
cascade of adverse sequelae beginning with the activation of
ER stress pathways and leading to granulosa cell senescence,
impaired cumulus oocyte complex maturation, follicle apoptosis,
metabolic disturbance in the oocytes, and ovarian fibrosis;
which combined underpin endometriosis-associated infertility
(Lin et al., 2020). Furthermore, preeclampsia, a leading cause
of pregnancy-associated morbidity and mortality, is now being
viewed as a protein misfolding disorder as toxic depositions
of misfolded proteins have been found to accumulate in body
fluids and in the placenta of preeclamptic women (Cater
et al., 2019). Concerningly, these protein aggregates are thought
to contribute to the defective trophoblast invasion, placental
ischemia and ER stress that are hallmark features of this
pregnancy disorder (Gerasimova et al., 2019). The mechanisms
behind the induction of protein misfolding in preeclamptic
pregnancies are undoubtedly complex, however, the novel
discovery of the anti-aggregation chaperone activity of pregnancy
zone protein (PZP), a protein that is dramatically increased
in maternal blood plasma during pregnancy, may aid our
understanding of this phenomenon. PZP has been shown to
efficiently inhibit in vitro aggregation of several vulnerable
proteins (Cater et al,, 2019). Thus, PZP upregulation during
pregnancy may represent an important maternal adaptation

to maintain extracellular proteostasis during gestation and it
is possible that it is the disruption, or overwhelming of PZP
during pregnancy that underpins the accumulation of misfolded
proteins (Cater et al, 2019). Further research will need to
be conducted to determine whether the stabilization of PZP
throughout pregnancy can reduce the incidence of preeclamptic
pregnancies. Given increasing evidence that women who have
experienced preeclampsia may be at an increased risk of
adverse outcomes in other protein misfolding disorders such
as AD (Theilen et al.,, 2016) and cataract formation later in
life (Auger et al, 2017), it will be important to investigate
the mechanistic commonalities between germ and somatic cell
protein homeostasis.

DISCUSSION AND CONCLUSION

Organismal Proteostasis and the
Compromise of Lifespan for

Reproduction

Reproduction is a high-cost scenario and, with current
reproductive success being preponderant to future reproduction,
natural selection often favors genes that mediate survival
earlier in life as opposed to after the peak of reproductive
activity (Maklakov and Immler, 2016). This causal, inverse
relationship between reproduction and lifespan is perhaps best
surmised in the “disposable soma theory,” which posits that
investment into the germline is prioritized over that of the
soma (Kirkwood, 1977). Whilst empirical evidence supporting
the trade-oft between life span and reproduction is limited,
pioneering studies in C. elegans and D. melanogaster have
recently given credence to this model.

In C. elegans, the ability to maintain somatic cell proteostasis
declines dramatically upon the initiation of reproduction
(Khodakarami et al., 2015). Remarkably, germline ablation in
C. elegans (i.e., removal of the germline without an attendant
removal of the whole gonad), promotes longevity by triggering
a signaling network regulated by both transcription factors and
microRNAs (Ermolaeva et al., 2013; Shemesh et al., 2013).
This response converges on the FOXO transcription factor,
DAF-16, which activates downstream proteasome-related genes,
increasing stress resistance and ultimately organismal longevity
(Vilchez et al., 2012; Shemesh et al., 2013). Strikingly, mir-71
expression in neuronal cells is also enough to rescue gonadal
longevity, pointing to a cell-non-autonomous relationship
between the nervous system and the gonad, a prime example
of the importance of organismal proteostasis (Antebi, 2013).
Similarly, interconnections between stress response pathways,
the reproductive system and metabolism have been linked to
the expression of glucagon-like-peptide 1 (glp1). Thus, stress
resistance and the maintenance of somatic cell proteostasis, can
be promoted in germline ablation models wherein glpI mutations
prevent germ cell proliferation prior to adulthood transition.
Curiously, these mutations also facilitate the suppression of
protein aggregation and polyQ disease progression (Shemesh
et al, 2013). Germline-less C. elegans are more resistant

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 660626


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Cafe et al.

Proteostasis in the Male and Female Germline

to proteotoxic stress conditions such as heat stress and are
better protected from protein aggregate and polyglutamine-
driven toxicity, a phenomenon partially attributed to increased
proteasome activity in the somatic cells (Vilchez et al., 2012).
These cells also exhibit increased autophagic activity and
lipase-4-dependent lipolysis, which may modulate the longevity
phenotype through increased lipid clearance or enhanced
regulation of lipid-derived signaling molecules such as aldehydes
(Folick et al., 2015).

Not unlike C. elegans, a dysregulation of PN gene expression
and a concomitant decrease in proteasomal catalytic activity have
been noted during the aging process in both male and female
Drosophila. By contrast, proteasome activity is retained within
the germ cells of these flies (Tsakiri et al., 2013), with molecular
chaperones and proteasome machinery normally elevated 2-
8-fold in the abdomen compared to the thorax (Fredriksson
etal., 2012)- further highlighting the battle of resource allocation
between the germ line and the soma. These unique molecular
links between reproduction and lifespan form a growing body
of literature on organismal proteostasis that is currently being
verified in mammalian model species. Importantly, these findings
highlight the importance of the maintenance of proteostasis in
the germline for the health and wellbeing of organisms as the
remodeling of the organismal stress response associated with the
onset of reproduction may render organisms more susceptible to
environmental insults. Thus, in depth studies of the mammalian
proteostasis network and mechanisms for aggregate clearance are
needed to better understand male and female reproductive health
throughout life.

Therapeutics Targeted Toward
Proteostasis to Promote Reproductive
Health

In consideration of the wealth of reproductive and non-
reproductive disorders underpinned by protein misfolding and
aggregation, it is apparent that there are substantial dividends
to be gained from modulation of the proteostasis network in
the context of protecting neuronal and germ cells alike. In
evaluating appropriate strategies, the framework provided by the
FoldEx model is particularly informative (Powers et al., 2009).
That is, effective amelioration of a protein-misfolding disorder
necessitates that a misfolded protein must shift to within the
proteostasis boundary delineated by the stability, misfolding
rate and folding rate of the protein. Taking pharmacological
chaperones as an example, there are three theoretical ways in
which loss-of-function misfolding diseases could be modulated
using these reagents. In principle, pharmacological chaperones
could function by either increasing the folding rate of a protein,
thermodynamic stabilization or decreasing misfolding rate by
stabilization of native protein structure; the latter two of which
have been experimentally verified (Powers et al., 2009). Thus,
proteostasis regulators could be used to alter the composition and
concentration of proteostasis network components and hence
move the proteostasis boundary, potentially mimicking UPR and
HSR including the induction of HSP70 and HSP90 families of
chaperones (Westerheide and Morimoto, 2005) and modulation

of histone deacetylases (HDACs) (Gan, 2007; Outeiro et al., 2007;
Westerheide et al., 2009).

Mlustrative of this potentia, HDAC modulation through
class II histone deacetylases (Sirtuins), has gained considerable
interest in the field of neurodegeneration owing to the potential
to ameliorate stress responses and protein aggregation and
promote healthy aging (Merksamer et al., 2013). Importantly,
a role for SIRT proteins in fertility is beginning to emerge
following several reports of a defective reproductive phenotype
in SIRT1-null animals (McBurney et al.,, 2003; Coussens et al.,
2008). The loss of SIRT1 in both sexes results in infertility
phenotypes, characterized in the male by severely disrupted
spermatogenesis, reduced spermatogonial stem cell population
and DNA damage (Coussens et al., 2008). Despite the promise
of SIRT1 activators to reduce stress sensitivity in other tissues,
the ability of SIRT1 to protect male germ cells against oxidative
stress has yet to be evaluated. Nevertheless, we have recently
begun to explore whether SIRT1 activation can modulate levels of
protein aggregation in developing male germ cells. Intriguingly,
the use of the SIRT1 activator, SRT1720, resulted in a significant
decrease in protein aggregation in both pre- and post-meiotic
populations of pachytene spermatocytes and round spermatids
(Cafe et al., 2020). Moreover, with regards to female fertility
the downregulation of SIRT1 is associated with reduction of
the ovarian reserve and important roles for both SIRT1 and
SIRT3 in the sensing of redox state and energy homeostasis
have been reported in oocytes, granulosa cells and early embryos
(Tatone et al., 2015, 2018). Indeed, SIRT1 has now been shown to
slow the age-related decline in oocyte quality thereby sustaining
female fertility (Iljas et al., 2020). However, SIRT3 appears to be
dispensable for female fertility (Iljas and Homer, 2020). Several
of the SIRT family enzymes are yet to be explicitly explored
in relation to reproductive health and this will likely be an
important avenue to pursue in relation to the maintenance of
proteostasis during reproductive aging in men and women. In
addition to the direct modulation of Sirtuins, several recent
studies have demonstrated that supplementation with the NAD+
precursor nicotinamide mononucleotide (NMN) improves the
quality of maternally aged oocytes through the restoration of both
mitochondrial function and meiotic competency (Wu et al., 2019;
Bertoldo et al., 2020; Miao et al., 2020). These outcomes could
be recapitulated in mice through the overexpression of SIRT2
(Bertoldo et al., 2020). Beyond the oocyte, NMN was also able
to improve developmental competency in the embryos produced
from aged animals (Bertoldo et al., 2020; Miao et al., 2020). While
NMN was not able to protect the ovary from the severe damage
caused by chemotherapy (Stringer et al., 2019), the bolstering of
NAD+ provides promise for the improvement of reproductive
outcomes of women of advanced maternal age.

In many diseases and disorders of proteostasis, recent progress
toward therapeutics has been enabled through the targeting of
the integrated stress response (ISR). The ISR is an evolutionarily
conserved signaling network coupled to the UPR and HSR,
operating through the reprogramming of translation (Costa-
Mattioli and Walter, 2020). Importantly, this network modulates
diverse stress inputs (such as nutrient deprivation, proteostasis
defects and redox imbalance) and leads to a central output -
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a reduction in the translation of specific mRNAs that promote
proteostasis. Evidence linking the ISR to the maintenance of
cellular homeostasis and apoptosis in the reproductive organs
of men, allied to its contribution to infertility in animal models
(Karna et al., 2019), identifies the ISR as a potentially attractive
therapeutic target. Additionally, the discovery of PZP as an anti-
aggregation factor for proteins involved in preeclampsia (Cater
et al., 2019) opens an important window for the regulation
of protein misfolding disorders that affect female reproductive
health. Our ability to capitalize on these novel proteostasis
interventions in the context of infertility research is now
predicated on improvements in our fundamental knowledge of
aggregation-prone proteins in gametes and the PN in germ
cells more broadly.
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Similar to humans and laboratory animals, reproductive aging is observed in wild
species-from small invertebrates to large mammals. Aging issues are also prevalent
in rare and endangered species under human care as their life expectancy is longer
than in the wild. The objectives of this review are to (1) present conserved as well
as distinctive traits of reproductive aging in different wild animal species (2) highlight
the value of comparative studies to address aging issues in conservation breeding as
well as in human reproductive medicine, and (3) suggest next steps forward in that
research area. From social insects to mega-vertebrates, reproductive aging studies as
well as observations in the wild or in breeding centers often remain at the physiological
or organismal scale (senescence) rather than at the germ cell level. Overall, multiple
traits are conserved across very different species (depletion of the ovarian reserve or
no decline in testicular functions), but unique features also exist (endless reproductive
life or unaltered quality of germ cells). There is a broad consensus about the need to
fill research gaps because many cellular and molecular processes during reproductive
aging remain undescribed. More research in male aging is particularly needed across
all species. Furthermore, studies on reproductive aging of target species in their natural
habitat (sentinel species) are crucial to define more accurate reproductive indicators
relevant to other species, including humans, sharing the same environment. Wild
species can significantly contribute to our general knowledge of a crucial phenomenon
and provide new approaches to extend the reproductive lifespan.

Keywords: wildlife, reproduction, fertility, aging, animal models

INTRODUCTION

Reproductive aging is a process involving a combination of multiple intrinsic and extrinsic factors
affecting the whole organism and more directly the reproductive organs as well as the quality of
germ cells. Reproductive aging in human and laboratory animals has been studied for decades at
the physiological, hormonal, cellular, and molecular levels. As gamete quality declines more rapidly
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in women than in men, reproductive aging leads to infertility,
increased miscarriages, and birth defects (vom Saal et al., 1994;
Sharma et al., 2015; Duncan and Gerton, 2018; Marshall and
Rivera, 2018; Quesada-Candela et al., 2021). The menopause is
the last menstrual cycle in women and other primates, which
may or may not be ovulatory. Fertility is typically lost before
menopause (vom Saal et al., 1994; Wu et al,, 2010). While there
is a depletion of ovarian reserve, there is no comparable loss
in testicular germ cells. Research in aging has identified key
evolutionarily conserved lifespan-mediating genetic pathways
(Partridge, 2010). However, mechanisms mediating reproductive
senescence and somatic lifespan in males and females remain
limited. Aging of the reproductive organs and functions can occur
before aging of the entire organism; this can lead to several
months or years of post-reproductive life in different species
(Ellison and Ottinger, 2014). On the other hand, in addition to
the natural aging of the organism, environmental factors (such
as, endocrine disruptors, nutrition, or stress) can impact and even
accelerate reproductive aging (Ottinger, 2010).

Comparative studies in multiple animal models have been
essential to improve our understanding of aging mechanisms
and to develop mitigation strategies. Invertebrate and vertebrate
models, including worms, birds, and mammals have provided
organisms for the study of reproductive aging (Packer et al.,
1998; Tatar, 2010; Jones et al., 2014). Interestingly, some processes
of reproductive aging are common among species (Ottinger,
2010). For instance, germline aging observed in Caenorhabditis
elegans and Drosophila melanogaster has conserved properties in
the process of mammalian ovarian aging (Tatar, 2010). Recent
studies of the mouse epigenome (i.e., global and imprinted DNA
methylation, histone modifications, and epigenetic modifiers)
have demonstrated its implication in physiological aging of
gametes and embryos (Marshall and Rivera, 2018). In addition,
maternal age impacts uterine adaptability to pregnancy and
reproductive success in laboratory mice (Woods et al., 2017).

In livestock species, similar to humans, decreasing levels of
anti-Mullerian hormone (AMH) during aging are associated
with declining reproductive performance. This can be used as a
predictor of fertility longevity in cattle; however, it still remains
largely unexplored in sheep and other farm species (Mossa et al.,
2017). Domestic horses can also be considered as good model for
reproductive aging processes because mechanisms have been well
described in mares and stallions (Turner, 2019; Carnevale et al.,
2020).

In laboratory and domestic animal models, some aspects
of reproductive aging have received more attention in females
than males (especially about hormone levels and germ cell
production). For instance, aging in the drosophila model
still remains understudied in males. However, recent reports
have shown that, not only sperm, but also seminal fluid
are both qualitatively and quantitatively affected by age with
each component making distinct contributions to declining
reproductive performance in older males (Sepil et al., 2020).
Studies conducted in Japanese quail (Coturnix japonica) males
demonstrated that similar to mammals, plasma androgen levels
decline gradually, being accompanied by a loss of reproductive
behavior (Ottinger, 2010). Interestingly, testosterone treatment

can restore reproduction in aging male quail while it is not
effective in primates (Ottinger, 2010).

In addition to existing animal models, there is a need
for more comparative studies on other species with different
sizes, anatomies, physiologies, and life expectancies to improve
our understanding of reproductive aging. The huge diversity
in anatomy and reproductive physiology observed in wildlife
therefore is an untapped resource for aging research (Comizzoli
et al, 2018; Comizzoli and Holt, 2019). There are striking
differences in reproductive aging going from semelparity (rapid
senescence and death after a first breeding season like in
salmonids or marsupial mouse, Antechinus sp.) to negligible
reproductive senescence (naked mole rats, Heterocephalus glaber)
(Edrey et al, 2011). Even though common species within
a given family can often serve as models for the wild
counterparts, reproductive traits are sometimes not related to
taxonomy, even for closely related species (Cohen, 2018). This
is why we need to keep adding many different species to our
datasets. Studies in wild species (in their natural habitats or in
conservation breeding centers) are invaluable because we can
learn about unique adaptations especially in long-lived species,
which will not only improve conservation efforts, but also
provide new comparative models for other domestic species, and
importantly for humans.

The objectives of this review are to (1) present conserved as
well as distinctive traits of reproductive aging in different wild
animal species (2) highlight the value of comparative studies
to address aging issues in conservation breeding as well as
in human reproductive medicine, and (3) suggest next steps
forward in research.

LESSONS FROM REPRODUCTIVE
AGING IN WILD MAMMALIAN SPECIES

The study of reproductive senescence in free-ranging
populations is invaluable as it allows to better understand
fundamental aspects, such as mate choice, sperm competition,
or environmental impact. Furthermore, short- and long-
lived wild species exhibit unique characteristics that inform
our understanding of aging processes. An overview of the
impact of aging on reproductive traits (including some
observed in humans) in selected wild mammalian species
(from rodents to non-human primates) is presented in
Table 1. First, it is clear that there is still a research gap
to be filled in order to have a better understanding of
reproductive aging across mammalian species. However,
many existing reports already highlight striking commonalities
and differences between species when looking at reproductive
traits known to be also affected by aging in humans. The
following examples illustrate the diversity among wild
mammalian species.

In carnivores like the European badger (Meles meles), there
is strong evidence for a gradual decline in sex-steroid levels
with age in both sexes, which is even followed by over 2 years
of post-reproductive life (Sugianto et al.,, 2020). Interestingly,
this hormonal decline is not observed in aging female cheetahs
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TABLE 1 | Impact of aging on different reproductive traits (including some observed in humans) and occurrence of post-reproductive lifespan in selected wild

mammalian species.

Lagomorphs Artiodactyls elephants Marine Carnivores Primates
and rodents mammals

Impact of aging

on:

Hormonal levels None or little None or little None or little

(decline in data data data

males and

females)

Folliculogenesis None or little Reports in

(finite number data whales

of oocytes in

the ovaries)

Success of None or little None or little None or little Reports in None or little None or little

birth and data data data dolphins data data

lactation

(decline)

Male fertility None or little None or little None or little Reports in red

(decline in data data data wolf and ferrets

sperm

production and

secondary

sexual traits)

Post- None or little Reports in None or little

reproductive data toothed whales data

lifespan in the

wild

Shading indicates multiple data reports available (darker color) and moderate amount of available data (lighter color).

(Acinonyx jubatus) after the age of 9, which is even older than the
average life expectancy (Crosier et al., 2011).

Surprisingly, aging red deer (Cervus elaphus) stags show a
faster decline in annual breeding success than females that
went through successive gestations and lactations (Nussey et al.,
2009; Bender and Piasecke, 2019). In wild red wolves (Canis
rufus), reproductive aging in males also is observed while there
is no evidence for reproductive aging in wild female wolves
(Sparkman et al., 2017).

In bighorn sheep (Ovis canadensis), there is no consequence of
early life reproduction; however, for a given number of offspring,
females that weaned more sons than daughters experience earlier
senescence (Douhard et al., 2020). Offspring sex ratio could help
explain among-individual variation in senescence rates, perhaps
in other species, including humans.

Reproductive senescence in female non-human primates
involves the depletion of the ovarian reserves similar to humans
(Walker et al., 2009). However, in wild chimpanzees (Pan
troglodytes), females with high number of years spent gestating
and lactating during their reproductive lives have a delayed
ovulatory attrition (Atsalis and Videan, 2009). Studies in wild
baboons (Papio sp.) also suggested that reproductive senescence
occurs later in females than males (Altmann et al., 2010).

Advanced maternal age also affects the capacity to
provision and rear surviving offspring. In wild populations

of bottlenose dolphins (Tursiops aduncus), calf survival
decreases with maternal age because of less maternal investment
(Karniski et al., 2018).

Long-lived species such as elephants, whales and primates
exhibit extended post-fertile survival compared to species
with shorter lifespans. In wild African elephants (Loxondonta
africana), although reproduction does not entirely cease
until the age of 65 year old, females have a relatively
long post-reproductive life (>15 years; Lee et al, 2016).
Interestingly, presence of mothers and grandmothers in the
group improves daughter’s reproduction (Lee et al., 2016). Note
that post-reproductive life also is reported in a few species
of toothed whales (Ellis et al., 2018); however, this is an
uncommon trait in mammalian species compared to humans
(Ellison and Ottinger, 2014).

There is no apparent decline in fertility with age in very
few mammalian species, such as the tundra vole (Microtus
oeconomus) (Cohen, 2018) or the famous female naked mole rat
(Heterocephalus glaber) (Edrey et al., 2011; Place et al., 2021).

Lastly, in terms of extrinsic factors influencing reproductive
aging, the environment plays a non-negligible role. Interestingly,
in the Eurasian beaver (Castor fiber), earlier breeding
opportunities lead to earlier senescence through resource-
dependent mechanisms (Campbell et al, 2017). This
clearly shows that reproductive lifespan is determined by
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external factors, including resource availability, in addition to
reproductive strategies.

Overall, there are considerable variations among species
because the correlation between age and fertility is not linear
(Jones et al., 2014). While some species can be used as models
for closely related species, there are often exceptions confirming
the rule. In humans, reproduction mainly occurs at younger
adult ages. Although more spread over the lifespan, it is
similar in species like killer whales (Orcinus orca), chimpanzees
(Pan troglodytes), and chamois (Rupicapra rupicapra). Notably,
some species rather show an increase in fertility as they age
(tundra voles, Microtus oeconomus) (Jones et al., 2014). As
seen above, some patterns of reproductive aging are distinct
in human compared to primates. Reproductive senescence in
midlife, although apparent in natural-fertility, natural-mortality
populations of humans, is generally absent in other primates
(Alberts et al., 2013). Lastly, aging in females is more prevalent
than in males that have continuous spermatogenesis at advanced
ages in many species.

LESSONS FROM REPRODUCTIVE
AGING IN WILD NON-MAMMALIAN
SPECIES

An overview of the knowledge about the impact of aging on
reproductive traits (including some observed in humans) in
selected wild non-mammalian species (from corals to birds) is
presented in Table 2. As observed in mammalian species, there
is sometimes no relation between taxonomy and reproductive
aging observations. Overall, many knowledge gaps have to be
filled regarding the impact of aging on hormonal levels, number
of oocytes in the ovaries, male aging (primary and secondary
traits), and post-reproductive lifespan (Ellison and Ottinger,
2014). Nevertheless, current reports in non-mammalian species
are highly informative and may contribute to our overall
understanding of reproductive aging.

While it is not so common in mammalian species, the
absence of fertility decline with aging is reported in many
different non-mammalian species from corals to birds (Nisbet
et al., 1999; Bythell et al, 2018; Cohen, 2018; Table 2).
Species having a sustained fertility can be very diverse like
different species of fresh water mussels (Haag and Staton, 2003),
tardigrades (Tsujimoto et al., 2016), queens in social insects like
ants and bees (Heinze and Schrempf, 2008), fish (Greenland
sharks, Somniosus microcephalus), reptiles (freshwater crocodile,
Crocodylus johnsoni), and some birds (Southern fulmars,
Fulmarus glacialoides; or Alpine swift, Tachymarptis melba)
(Cohen, 2018).

As seen above in some wild mammals, insects like field crickets
(Gryllus campestris) investing more in early reproduction may
senesce faster and die younger (Rodriguez-Mufioz et al., 2019). In
wild blue-throated warblers (Setophaga caerulescens) older males
tend to have longer sperm cells, which may be advantageous
in post-copulatory sexual selection (Cramer et al., 2020). While
male aging is reported in some bird species (Lemaitre and
Gaillard, 2017), changes in sperm morphology with age are not

observed in other birds, though they have been observed in
insects and fishes (Cramer et al., 2020).

Post-reproductive lifespan does not appear to be common in
non-mammalian species with only few reports in fish (herrings,
Clupea harengus) (Benoit et al., 2020) or birds (Bali mynahs,
Leucopsar rothschildi) (Jones et al., 2014).

LESSONS FROM REPRODUCTIVE
AGING IN CONSERVATION BREEDING
(EX SITU)

Zoo animal populations represent an ideal model to study
reproductive aging process since lifespan is frequently longer
than in the wild, so repeated observations under controlled
conditions are possible. Reproductive aging also represents a
major issue in conservation breeding, especially for genetically
valuable individuals that are too often not reproducing (Hermes
et al., 2004; Crosier et al., 2020).

Research on naked mole rat (Heterocephalus glaber) colonies
has generated intriguing data. Unusually large ovarian reserve
in naked-mole rat provides one mechanism to account for this
species’ protracted fertility. However, whether germ cell nests in
adult ovaries contribute to the long reproductive lifespan remains
to be determined (Place et al., 2021).

In terms of male aging, the black-footed ferret (Mustela
nigripes), has revealed that even modest aging decreases
sperm production and libido while abnormal sperm
number increases (Wolf et al., 2000). This is one of the few
examples of rapid reproductive aging in males. In contrast,
recent studies in binturong (Arctictis binturong) show that
males of advanced ages still produce good quality semen
(Zainuddin et al., 2021).

Prolonged exposure to endogenous sex steroids and long
stretches of non-reproductive periods correlate with early
reproductive aging and pathologies in females. For instance,
this is observed in nulliparous females in Asian or African
elephants (Elephas maximus, Loxodonta africana) and cheetahs
(Acinonyx jubatus) (Hermes et al., 2004; Ludwig et al,
2019). As reported in humans and domestic animals as
well as in species in the wild (see above), early pregnancy
may provide natural protective mechanisms against premature
reproductive senescence. Prolonged non-reproductive periods
during long-term maintenance of female rhinoceroses (African
and Asian species) and elephants in captivity, are associated
with an asymmetric reproductive aging process and subsequent
development of genital pathology (leiomyoma) as well as
premature senescence (Hermes et al., 2004).

Importantly, issues mentioned above can potentially be
overcome by species-specific Assisted Reproductive Technologies
to ensure early breeding and fertility extension. Furthermore, the
extent of the reproductive life in females can be documented
opportunistically when the reproductive age limit is not known
(which is the case in most species). A good illustration is the
recent birth of a giant panda (Ailuropoda melanoleuca) cub by
artificial insemination with frozen-thawed semen in one of the
oldest females in captivity (Comizzoli, 2020). While artificial
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TABLE 2 | Impact of aging on different reproductive traits (including some observed in humans) and occurrence of post-reproductive lifespan in selected wild

non-mammalian species.

Corals Mollusks Tardigrades

Insects Fish Reptiles Birds

No (or minimal)
decline in
fertility with age
in males and
females

Impact of aging on:

Hormonal levels Not relevant Not relevant Not relevant
(decline in
males and

females)

None or little
data

None or little
data

Unlikely

Folliculogenesis No data No data No data
(finite number
of oocytes in

the ovaries)

None or little
data

None or little
data

Reports in
drosophila

Unlikely

Male aging No data No data No data
(decline in

sperm

production and

secondary

sexual traits)

None or little
data

Reports in
drosophila

Unlikely

Post-
reproductive
lifespan

Unlikely Unlikely Unlikely

Unlikely Unlikely

Shading indicates multiple data reports available (darker color) and moderate amount of available data (lighter color).

insemination was primarily used for management purpose, it
ended up provided new data about reproductive aging limit
in that species.

As in livestock species and humans, recent studies on cheetahs
demonstrate that the age-associated decline in AMH is variable
but needs to be taken into consideration to optimize fertility
management and decisions about assisted reproduction (Place
etal., 2017). Interestingly in cheetahs (Acinonyx jubatus), uterine
environment in aging females is the real issue while oocyte quality
is not affected (Crosier et al., 2011). This can be circumvented by
performing in vitro fertilization (IVF) on oocytes from old donors
and transfer the resulting embryos into young recipient females
(Crosier et al., 2020).

PENDING QUESTIONS AND NEXT STEPS

As highlighted in Table 1, there are many unknowns in wild
mammals about the effect of aging on hormonal levels, gamete
number and quality, conception, preimplantation embryo,
embryo implantation, fetal development, birth, lactation,
maternal care, and future fertility of the offspring. Marsupials
are not even mentioned in that table because of the absence
of data; with the exception being the semelparous marsupial
mice (Antechinus sp.) that quickly dies after the breeding
season (Cohen, 2018). Except for few reports on reproductive
aging in rhinoceroses, wild perissodactyls also have not been
studied extensively.

As in humans, we need more research in wild species
about major cellular processes that are involved in the loss
of oocyte quality with advancing age (Quesada-Candela et al.,
2021). Except in one study in cheetahs (Acinonyx jubatus),
nothing is known about the influence of aging in gamete
quality (success of fertilization and early embryo development)
or uterine environment (Crosier et al., 2011; Ludwig et al., 2019).
Even though spermatogenesis or mating behavior does not seem
to be impacted by aging in most mammals, there is still a lack
of knowledge. There also is no information about reproductive
life of offspring born from aging parents (including epigenetic
transmissions due to aging).

In non-mammalians species (Table 2), even more research
gaps to have to be filled regarding the aging effect on
hormonal levels, gamete number and quality, conception,
embryo development, metamorphosis, hatching, maternal care,
fertility of the offspring. For instance, there are no clear data in
amphibians (Jones et al., 2014). There also is a need for more
investigations in reptiles that seem to be unique because of the
apparent lack of decline in fertility (Hoekstra et al., 2019).

Overall, a clear understanding of the evolutionary causes
and consequences of reproductive senescence is still lacking
and requires new and integrative approaches. Importantly,
investigations of the role of environmental conditions on
reproductive senescence also are missing. The epigenetics
aspect of reproductive aging needs to be expanded to wild
species following examples of research in laboratory and
domestic models (Ge et al., 2015; Marshall and Rivera, 2018;
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Chamani and Keefe, 2019). In addition, the role of miRNAs as
marker of reproductive aging (as reported in human ovaries;
Battaglia et al., 2020) should also explored.

Although studies in reproductive aging are less advanced
in wild species, it can potentially contribute to the general
knowledge of a crucial phenomenon and provide new ideas to
extend the length and quality of reproductive life in conservation
breeding as well as in human reproductive medicine. To fill
the current gaps, several options are possible. We first need
to better understand the mechanisms behind commonalities
and differences observed between species. Findings will then be
translatable to other species. There also is the additional value
of studying wild species in their natural habitats as sentinel
for human populations sharing the same environment. Original
aging traits (or non-aging traits) reported above could suggest
some research areas or questions in humans, for instance:

e Understanding rapid vs. absence of decline in fertility.

e Exploring sustained oocyte quality in felids (and other
species having induced ovulations).

e Examining the influence of parental age on offspring
reproductive health (using massive database like the
Zoological Management Information System).

e Characterizing the impact of allostatic load (the sum or
accumulation of the “burden” due to environment and
other stressors like disease, etc. Comizzoli et al., 2019) on
reproductive aging.

e Studying more animal models (mammalian and non-
mammalian species) known for very long lifespan.

e Using the systems biology approach to better understand
and mitigate reproductive aging.

Regarding  mitigations and treatments, expanding
reproductive life could be achieved through, hormonal
treatments (therapies for aging stallions; Turner, 2019), or
supplementations during IVF and embryo development for aging
donors. Another option would be to increase the ovarian reserve
during fetal development (through Bone Morphogenetic Proteins
for instance; Regan et al., 2018).
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Oleic Acid Protects Caenorhabditis
Mothers From Mating-Induced Death
and the Cost of Reproduction

Leo S. Choit, Cheng Shit, Jasmine Ashraf, Salman Sohrabi and Coleen T. Murphy*

Department of Molecular Biology, Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, NJ,
United States

Reproduction comes at a cost, including accelerated death. Previous studies of the
interconnections between reproduction, lifespan, and fat metabolism in C. elegans were
predominantly performed in low-reproduction conditions. To understand how increased
reproduction affects lifespan and fat metabolism, we examined mated worms; we find
that a A9 desaturase, FAT-7, is significantly up-regulated. Dietary supplementation of
oleic acid (OA), the immediate downstream product of FAT-7 activity, restores fat storage
and completely rescues mating-induced death, while other fatty acids cannot. OA-
mediated lifespan restoration is also observed in C. elegans mutants suffering increased
death from short-term mating, and in mated C. remanei females, indicating a conserved
role of oleic acid in post-mating lifespan regulation. Our results suggest that increased
reproduction can be uncoupled from the costs of reproduction from somatic longevity
regulation if provided with the limiting lipid, oleic acid.

Keywords: Caenorhabditis elegans, longevity, reproduction, oleic acid, mating-induced death, metabolism, cost
of reproduction

INTRODUCTION

Reproduction is a costly process that depletes energy reserves that may be needed for somatic
maintenance and survival (Williams, 1966; Hansen et al., 2013), thus linking reproduction with fat
metabolism and lifespan regulation. In many organisms, increased reproduction leads to decreased
lifespan, and vice versa (Drori and Folman, 1976; Hansen et al., 2013; Maures et al., 2014; Shi and
Murphy, 2014). For example, castrated Korean eunuchs were reported to have lived 15-20 years
longer than non-castrated men of similar socio-economic status (Min et al., 2012), while Chinese
emperors known for extremely promiscuous behavior lived ~35% shorter than their counterparts
(Shietal., 2015). Caenorhabditis elegans has been established as an outstanding model to investigate
these interconnections. In C. elegans, removal of germline stem cells leads to a significant increase in
lifespan (Hsin and Kenyon, 1999) as well as fat accumulation in the somatic tissues (O'Rourke et al.,
2009). By contrast, mating accelerates the proliferation of germline stem cells, increases progeny
production, and causes a dramatic fat loss and lifespan decrease (Shi and Murphy, 2014). The
genetic analysis of mechanisms underlying the effects of mating or removal of reproductive system
on C. elegans’ fat metabolism and longevity have implicated a network that includes insulin/IGF-
1 (Insulin-like Growth Factor-1) signaling, steroid signaling, lipolysis, autophagy, NHR (Nuclear
Hormone Receptor) signaling, and fatty acid desaturation (Lapierre and Hansen, 2012). However,
the exact relationship between fat loss and lifespan reduction is largely unknown; while fat is
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generally regarded as its energy source (Hansen et al,, 2013), we
do not know whether fat is depleted to enhance reproductive
outcome, decreasing somatic maintenance and thus shortening
lifespan. It also remains unclear exactly which fatty acids are
depleted in mated C. elegans, and whether different types of fatty
acids contribute to different effects in mating-induced death.

Fatty acids are precursor molecules for all lipid classes,
including storage lipids [triacylglycerols (TAGs)], membrane
lipids (phospholipids and sphingolipids), and signaling lipids
(fatty acyl amides, eicosanoids, and others) (Fahy et al., 2009).
Fat metabolism plays a crucial role in regulating the lifespan
of germlineless mutants and worms with reduced reproduction.
Under nutrient-poor and oxidative stress conditions, omega-
3 and omega-6 fatty acids mediate the balance of lipid stores
between the soma and germline (Lynn et al., 2015), suggesting
a pivotal role of fatty acids in coordinating reproduction
and somatic aging.

However, these previous C. elegans studies examined fat
metabolism in animals with no or very low reproduction: either
in germlineless mutants, or under conditions such as nutrient
deprivation and oxidative stress where reproduction is very
limited, or in self-fertilized hermaphrodites limited by sperm
number. It remains unclear how fat metabolism changes when
reproduction is increased, and whether in this circumstance
fatty acids still play a role in coordinating somatic aging and
reproduction. To address this question, here we increased worms’
reproduction in the most natural way by mating them with
males, which typically increases progeny production by 100-
200% (Ward and Carrel, 1979; Hodgkin and Barnes, 1991),
and examined lifespan, fat levels, transcriptional changes, and
supplementation with fatty acids. Remarkably, oleic acid (OA)
treatment specifically restores the fat loss induced by mating,
and also rescues the lifespan reduction induced by mating,
without affecting reproduction. This lifespan rescue by oleic acid
supplementation is also pertinent to short-term mating and is
conserved in gonochoristic (male and female) C. remanei species.
Our results suggest that increased reproduction is not associated
with inevitable lifespan reduction, and that metabolism of a
specific fatty acid is able to uncouple the costs of reproduction
from somatic longevity regulation.

RESULTS

Mating Induces a Significant Lifespan
Decrease Regardless of the Initial Level
of Overall Fat Storage

In C. elegans, extended longevity is associated with altered fat
metabolism and reduced reproduction, while mating significantly
reduces lifespan and induces significant fat loss. However, all
previous studies of the links between longevity and fat storage
used worms with limited reproduction. While daf-2 (Insulin
signaling) and germlineless glp-1 mutants are long-lived and store
more fat, dietary restricted worms, such as eat-2, are long-lived
but have less overall fat (Brooks et al., 2009; O’Rourke et al.,
2009; Bar et al., 2016), making the relationship between fat levels

and longevity less clear. Therefore, examining the relationship
between fat metabolism and lifespan regulation in mated worms
could provide new insights.

We previously showed that mating shortens lifespan and
induces significant fat loss in both wild-type worms and longevity
mutants, including those with excessive fat accumulation such as
daf-2 and glp-1 (Supplementary Figures 1A-C, Shi and Murphy,
2014). We wondered whether the lifespan of longevity mutants
with reduced fat storage would also be affected by mating. Dietary
restriction decreases the overall fat content but robustly extends
lifespan across organisms (Walker et al., 2005; Ruetenik and
Barrientos, 2015; Lopez-Otin et al., 2016). We tested the lifespan
of mated worms under dietary restriction, using two methods
of dietary restriction (Greer and Brunet, 2009). eat-2 mutants
have defects in pharyngeal pumping, thus consume less food
than wild-type animals (Avery, 1993). Solid plate-based dietary
restriction (sDR) takes the colony-forming unit of bacteria into
account, using 1 x 10 cfu/mL for ad libitum feeding and
1 x 108 cfu/mL for dietary restriction (Greer and Brunet, 2009).
We found that mating significantly decreases the lifespan of
DR worms, just as it does in wild-type animals (Figure 1A
and Supplementary Figure 1D). Similarly, mating also led to a
significant fat loss in eat-2 mutants, as evidenced by Oil Red O
staining which stains the major fat stores, TAGs (O’Rourke et al.,
2009; Figure 1B). Thus, the reduced level of overall fat storage
prior to mating in DR-treated animals does not protect the worms
from mating-induced death.

Endogenous Oleic Acid Protects Worms
Against Mating-Induced Death

To better understand how fat metabolism is altered after mating,
we performed transcriptional analysis of mated vs. unmated
glp-1 hermaphrodites (Booth et al., 2020). glp-I mothers lack a
germline to produce any eggs, which allowed us to disregard
transcriptional changes in eggs, and instead focus on somatic
changes. The lifespan of glp-1 animals is decreased by mating
and they lose over 40% of their fat stores (Shi and Murphy,
2014). Our transcriptional analysis revealed that genes with
significant expressional changes in response to mating were
enriched for organic acid metabolic process (g-value: 9.8e~22) and
lipid catabolic process (q-value: 3e~°°) (Supplementary Figure 2),
which is consistent with the mating-induced fat loss phenotype.
The lipid-regulating gene fat-7 was significantly induced in mated
worms, while elo-2 was significantly downregulated (Figure 1C).
Both of the genes are involved in polyunsaturated fatty acids
(PUFA) synthesis: fat-7 encodes a A9 desaturase enzyme that
converts C18:0 stearic acid into C18:1n-9 oleic acid (OA), while
elo-2 encodes a key enzyme that regulates elongation of C16
and C18 fatty acids (Figure 1D). (There are three main types
of fatty acids: saturated, monounsaturated, and polyunsaturated,
which refers to fat molecules that have none, one, and more than
one unsaturated carbon bond, respectively). ELO-2 functions in
several different steps of the pathway, and loss of function of elo-2
causes multiple defects (Kniazeva et al., 2003). Down-regulation
of elo-2 in mated worms likely contributes to mating-induced fat
loss. By contrast, the up-regulation of fat-7, a fatty acid synthesis
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FIGURE 1 | Endogenous oleic acid protects worms from mating-induced death. t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ***o < 0.0001 for all graphs. For all the
lifespan assays performed in this study, Kaplan—Meier analysis with log-rank (Mantel-Cox) test was used to determine statistical significance (lifespan of mated
worms was always compared to unmated worms of the same genotype/treatment unless stated otherwise). Error bars represent SEM unless noted. n.s., not
significant. a.u., arbitrary units. (A) Mated worms under dietary restriction live longer than those ad libitum despite extreme depletion of fat. N2 Unmated:
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n =100, p < 0.0001. (B) Mating induces significant fat loss in eat-2(ad465) hermaphrodites. Left: representative Oil Red O staining pictures; Right: quantification of
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mating, and oleic acid supplementation fully rescues the mating-induced lifespan decrease fat-6,fat-7 unmated: 12.3 + 0.7 days, n = 60; fat-6,fat-7 mated:
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p = 0.7648. (G,H) Mutants that contain excess endogenous oleic acid are protected from lifespan loss after mating. fat-2 unmated: 18.1 &+ 0.4 days, n = 175; fat-2
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gene, in the mated worms suffering from significant fat loss is
counterintuitive, suggesting that its upregulation is more likely
to compensate for the severe mating-induced fat loss. FAT-6 and
FAT-7 are required to generate oleic acid from its direct upstream
precursor stearic acid (Figure 1D), and act in a compensatory
mechanism in single mutants (Brock et al., 2006). fat-6;fat-
7 double mutants cannot endogenously synthesize oleic acid
and downstream PUFAs, and instead rely solely on fatty acids
provided by the bacterial diet (Brooks et al., 2009); OA is almost
non-existent in the common lab bacteria, OP50 (Deline et al.,
2013). fat-2 encodes the desaturase enzyme that converts oleic
acid to its direct downstream product, linoleic acid (Figure 1D).
In fat-2 worms, oleic acid accumulates to almost a quarter of
all fat, which is nearly 15-fold above the 1.7% found in wild-
type animals (Watts and Browse, 2002). Therefore, these two
mutants, fat-6;fat-7 and fat-2, represent the effects of lack of OA
and accumulation of OA, respectively.

To understand the importance of endogenous oleic acid in
mating-induced death, we compared these mutants’ mated and
unmated lifespans. fat-6;fat-7 mutants displayed many visible
defects, such as slow growth, low brood size, and decreased body
size, and have a short lifespan relative to wild-type worms (Brock
etal.,, 2007). Mated fat-6;fat-7 worms lived shorter than unmated
fat-6;fat-7 worms (Figure 1E), indicating that mating-induced
death does not require the presence of OA. Supplementation
with oleic acid greatly increased the lifespans of mated fat-
6;fat-7 worms, eliminating the difference between mated and
unmated animals (Figure 1F), suggesting that the addition of
exogenous OA both increases lifespan and eliminates mating-
induced lifespan reduction.

By contrast with fat-6;fat-7 mutants, fat-2 mutants, which
accumulate oleic acid, were both long-lived prior to mating
(15% increase relative to unmated N2; p = 0.0002; pooled
results from three biological replicates, Supplementary
Figure 3A and Supplementary Table 1) and resistant to
mating-induced lifespan reduction (Figure 1G, p = 0.2187).
Further supplementation of oleic acid had no effect on fat-2
lifespan (Figure 1H, p = 0.7598), suggesting that presence of
endogenous oleic acid grants fat-2 mutants protection from
mating-induced death.

OA Specifically Increases Mated

Lifespan

Since excess endogenous oleic acid (via mutants) protects animals
against mating-induced death, we wondered if supplementing
mated worms with exogenous oleic acid could also mitigate
mating-induced death. Therefore, we supplemented mated wild-
type (N2) hermaphrodites with oleic acid or with fatty acids
(FA) in the FA synthesis pathway to determine the specificity of
fatty acid supplementation. Oleic acid (OA), linoleic acid (LA),
cis-vaccenic acid (VCA), dihommo-y-linoleic acid (DGLA), and
eicosapentaenoic acid (EPA) were added to the agar media
of mated and unmated wild-type C. elegans hermaphrodites.
Consistent with a previous finding that dietary supplementation
of oleic acid, palmitoleic acid, or cis-vaccenic acid extends the
lifespan of unmated hermaphrodites (Han et al, 2017), the

addition of each fatty acid caused a slight increase in the
lifespan of unmated wild-type hermaphrodites (Figures 2A-
F and Supplementary Table 1, lifespan increase of individual
fatty acid supplementation: OA, 12%; LA, 11%; VCA, 11%;
DGLA, 17%; EPA, 16%), demonstrating that these fatty acids
are successfully being taken up by the worms. Mated N2 worms
without any fatty acid supplementation had a ~30% shorter
lifespan than unmated worms (Figures 1A, 2A). While oleic acid
supplementation completely rescued the lifespan loss caused by
mating (Figure 2B), supplementation with any other fatty acid
failed to rescue mating-induced lifespan decrease (Figures 2C-
F), suggesting that oleic acid is specifically required for post-
mating lifespan regulation. We supplemented the plates with
various concentrations of oleic acid (OA) and found that OA
showed a positive lifespan effect at low concentration (0.8 mM;
10% increase, p-value < 0.001) and completely inhibited mating-
induced death at higher concentration (2 mM; 30% increase,
p < 0.001) (Supplementary Figure 3B). While 2 mM is likely to
achieve supraphysiological levels of OA, Han et al. (2017) showed
that 0.8 mM fatty acid supplementation leads to a 2-3-fold
increase in the corresponding FA in the worm.

To understand why only oleic acid is able to rescue mating-
induced death, we compared the transcriptomes of mated vs.
unmated hermaphrodites raised on normal agar media and on
media with oleic acid, linoleic acid, and eicosapentaenoic acid
supplementation. In all four conditions, mating led to dramatic
transcriptional changes in hermaphrodites (Supplementary
Table 2; one-class SAM). Principal component analysis
separated mating-induced transcriptome changes based on the
presence/absence of exogenous fatty acids supplementation
(Supplementary Figure 4A), and to a lesser degree the specific
type of fatty acid added (Supplementary Figure 4B). Similarly,
supplementation of fatty acids accounted for the vast majority of
difference in molecular functions, biological processes, cellular
components, and transcription factors underlying mating-
induced transcriptional changes revealed by Gene Ontology
Enrichment analysis (Supplementary Figure 5), among
which glycoprotein and peptidoglycan metabolic/catabolic
processes (examples include lysozyme genes lys-4, lys-5, lys-6,
Supplementary Figure 5B and Supplementary Table 3), and
“pseudopodium” (mostly major sperm protein related genes,
Supplementary Figure 5C and Supplementary Table 3) were
enriched for genes that are up-regulated after mating with oleic
acid supplementation.

To better understand how oleic acid specifically protects the
worms from mating-induced death, we next performed two-class
SAM analysis of the mated vs. unmated transcriptomes, and
identified genes that were significantly differentially expressed
upon mating only with oleic acid supplementation (FDR = 5%,
q < 5.92%; Supplementary Table 4 and Figures 2G,H). In
addition to genes encoding major sperm proteins and lysozymes
as previously identified using one-class SAM analysis, we
found several longevity genes and genes responsible for lipid
metabolism/fatty acid storage that were specifically regulated
in mated worms in the presence of oleic acid, including the
serpentine receptor sri-40, which has recently been shown to
regulate hermaphrodite lifespan both with and without males

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 690373


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Choi et al.

Oleic Acid Prevents Mating-Induced Death

A No Supplementation
100+ == Unmated
g 80 =*= Mated
1=
@ 60
=
8 40
s
o
20
-
0 5 10 15 20 25
Days of Adulthood
B + Oleic Acid
100 ™ =s= Unmated
g 80 == Mated
=
3 60
§
o 40
o
o
20
0 5 10 15 20 25
Days of Adulthood
C + Linoleic Acid
1004 . == Unmated
g 804 ' === Mated
S I
1]
S 401
o
o
204
0 5 10 15 20 25
Days of Adulthood
D + Cis-vaccenic Acid
100 [ Unmated
g 80 Mated
2
3 60
=
8 a0
)
o
20
0 5 10 15 20 25
Days of Adulthood
E + Dihommo-y-Linoleic Acid
1004 \ [— Unmated
g 804 - === Mated
=
? 60
&
o 404
O
o
204
0 5 10 15 20 25
Days of Adulthood
F + Eicosapentaenoic Acid
100 I:-'- Unmated
g 80 ] === Mated
g L
3 60 '
H '
o 40 ]
2 %
20 L
0 5 10 15 20 25

Days of Adulthood
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Correlation coefficients are listed next to the corresponding branches/nodes.
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(Booth et al, 2020). Genes that regulate mitochondrial fatty
acid beta oxidation, such as acdh-8, decr-1.2, and decr-1.3,
were specifically up-regulated in mated worms with oleic acid
supplementation, suggesting that oleic acid’s unique ability to
modulate lipid homeostasis might contribute to its specificity in
regulating the longevity of mated worms. Finally, ins-37, which
encodes an insulin receptor antagonist (Zheng et al., 2018),
was specifically up-regulated in oleic acid treated mated worms.
We previously showed that self-sperm-induced overexpression
of ins-37 protects hermaphrodites from short-term mating (Shi
et al., 2019). Indeed, the oleic acid-specific mating-induced up-
regulated gene expression profile resembles the transcriptional
pattern of young hermaphrodites with self-sperm (Figure 2H;
Pearson correlation = 0.66; Shi et al., 2019). The striking similarity
in transcriptional profiles between these two conditions suggests
that oleic acid utilizes a similar pathway to that of worms that
still contain their own sperm (Booth et al, 2019; Shi et al,
2019), to protect against mating-induced death, to live long.
Therefore, oleic acid-mediated sustained up-regulation of ins-37
may provide long-term protection from mating-induced death.

Oleic Acid Supplementation Restores
Lifespan and Fat Loss in Mated Worms
Without Affecting Reproductive Health

Because lifespan, reproduction, and fat storage are closely
coupled (Hansen et al.,, 2013), with fat acting at the nexus of
longevity-reproduction trade off, we next checked the overall fat
storage in wild-type mated and unmated worms in the presence
and absence of exogenous oleic acid. Upon mating, animals
normally lose a significant fraction of their somatic fat stores
(Figures 3A,B; Shiand Murphy, 2014), a shift that is necessary for
the normal development of progeny (Heimbucher et al., 2020).
We found that oleic acid supplementation fully rescued mating-
induced somatic fat loss in mated worms, and also increased fat
storage in unmated worms by ~10% (Figures 3A,B). However,
neither progeny production rates nor total brood sizes are
reduced upon OA treatment (Figures 3C-E) - that is, animals
supplemented with OA are able to produce progeny without
any trade-off in lifespan. These results suggest that oleic acid
supplementation allows animals to reproduce fully without any
loss of lifespan. Therefore, OA is critical for the restoration
of longevity that is lost upon mating and progeny production,
solving the longevity trade-off that reproduction normally costs.

Lifespan Rescue Through Oleic Acid

Supplementation Is Conserved

Caenorhabditis elegans hermaphrodites self-reproduce through
internal self-fertilization with their own sperm (“self-sperm”)
(Ward and Carrel, 1979). The presence of self-sperm protects
the hermaphrodites from mating-induced death (Booth et al,,
2019; Shi et al., 2019). We next wondered what role self-sperm-
mediated protection might play in OA-mediated lifespan rescue.
Previously, we found that self-sperm protects and slows down
mating-induced death in C. elegans hermaphrodites through
nuclear localization of HLH-30, the C. elegans ortholog of
the mammalian transcription factor EB (TFEB), a conserved

master regulator of autophagy and key pro-longevity regulator
(Lapierre et al., 2013; Shi et al., 2019). We first tested C. elegans
hermaphrodites with no self-sperm. The protective effect of OA
was confirmed in short-term mating of N2 hermaphrodites for
2 h on Day 3 of adulthood when self-sperm is still present
(Figure 4A); 2 h of mating is sufficient to induce a significant
lifespan reduction in worms who lack self-sperm and therefore
also lack the protective antagonist insulin (INS-37). Specifically,
fog-2 (feminization of germline) mutants lack self-sperm (Sched]
and Kimble, 1988; Figure 4B) and are short-lived after mating.
Oleic acid supplementation had no effect on lifespan on either
unmated or 2 h-mated wild-type hermaphrodites that had self-
sperm (Figure 4C), but oleic acid supplementation fully rescued
the lifespan reduction of mated fog-2 (self-spermless) mutants
(Figure 4D). This conserved effect was further validated in hlh-
30 mutants that also suffer from 2 h-mating-induced death
even in the presence of self-sperm (Figure 4E); oleic acid
supplementation rescued hlh-30’s mated lifespan decrease, as well
(Figure 4F), suggesting that oleic acid may act downstream of
HLH-30/TFEB to regulate lifespan.

Finally, we wondered if oleic acid supplementation is specific
for hermaphrodites, or whether it can also rescue the early death
of mated gonochoristic species females. We showed previously
that C. remanei females also have significantly reduced lifespan
after mating with C. remanei males (Shi and Murphy, 2014).
Remarkably, mated females supplemented with oleic acid lived
as long as unmated females with and without supplementation
(Figure 4G), just as in the case of C. elegans wild-type
hermaphrodites (Figure 4H). These results suggest that lifespan
rescue through oleic acid supplementation is evolutionarily
conserved in mated Caenorhabditis mothers.

DISCUSSION

The trade-off between reproduction and lifespan has been
observed in a variety of animals (Partridge et al., 2005; Hansen
et al, 2013). Fat, as the major means of storing energy, has
been shown to be closely involved in both reproduction and
lifespan regulation. The same inverse relationship also exists
between reproduction and fat storage (Hansen et al., 2013;
Lynn et al,, 2015; Heimbucher et al., 2020). Germline-less glp-
1 worms upregulate the A9 desaturase enzyme FAT-6/SCD1
(Stearoyl-CoA Desaturase 1) (Goudeau et al., 2011) and shift
the lipid profile to increase somatic maintenance and longevity
(Ratnappan et al., 2014), while deficiency of the H3K4me3
methyltransferase (ash-2, set-2) upregulates A9 desaturases FAT-
5 and FAT-7, leading to the accumulation of mono-unsaturated
fatty acids and subsequent lifespan extension (Han et al., 2017).
By contrast, mated hermaphrodites demonstrate the inverse
relationship between reproduction, longevity, and fat storage:
mating increases progeny production by 2-3 fold, reduces fat
stores, and significantly shortens lifespan compared to unmated
hermaphrodites. Here, we have shown that oleic acid, a product
of the A9 desaturase enzyme FAT-7 - whether through its
endogenous accumulation by loss of FAT-2 activity or through
exogenous supplementation - can prevent mating-induced
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death (Figure 5). Furthermore, the lifespan-rescuing effect
of oleic acid is evolutionarily conserved in self-spermless
hermaphrodites and females of gonochoristic Caenorhabditis
species. Dietary supplementation of oleic acid as well as a
few other monounsaturated fatty acids (MUFAs), including
palmitoleic and cis-vaccenic acid can extend the lifespan
of unmated hermaphrodites (Han et al., 2017). However,
supplementing other fatty acids is not able to ameliorate the
mating-induced death. Additionally, oleic acid supplementation
leads to a much larger lifespan extension in mated worms
compared to unmated hermaphrodites (Supplementary
Figure 6). Taken together, our results demonstrate the specificity
of oleic acid in regulating post-mating lifespan, and suggest that it
is slightly different from H3K4me3 methyltransferase-mediated
transgenerational inheritance of longevity.

Our analysis of mated animals with increased reproduction
revealed that overall (total) fat levels play no role in the lifespan
regulation of mated worms; that is, mating reduces the lifespan of
longevity mutants, whether they exhibit increased or decreased
fat levels prior to mating. Our transcriptome analysis of mated
and unmated worms revealed mating-induced upregulation of
regulators of fatty acid metabolism. Only oleic acid treatment can
rescue fat loss induced by mating and lifespan reduction induced
by mating, without affecting reproduction. Our additional
transcriptome analysis comparing mated vs. unmated worms on
media containing different types of fatty acids revealed that only

oleic acid supplementation induces self-sperm-like protective
transcriptional pattern in mated worms. Specifically, the insulin-
like peptide antagonist, INS-37, which we previously found to be
expressed at high levels in worms that still contain self-sperm,
and which prevents male-sperm mating-induced death (Shi et al,,
2019), is expressed at higher levels in oleic acid-treated worms.

Our results suggest that oleic acid depletion in the soma
is the ultimate downstream cost of reproduction. Oleic acid
might affect the soma through maintenance of membrane fluidity
(stearic acid/oleic acid ratio) (Funari et al., 2003) or because of
general lipid storage. It is notable that other lipids in the pathway
were not able to rescue mating-induced death, suggesting that
this specific fatty acid has a unique role in somatic maintenance
and growth. The specificity of oleic acid has also been reported
in mediating the age-dependent somatic depletion of fat (Asdf)
(Lynn et al, 2015), as oleic acid is the only fatty acid that
is able to rescue the Asdf phenotype. Even though the Asdf
phenotype was examined in unmated worms and under oxidative
stress, which differs from the mating-induced death in this study,
both phenotypes involve the interaction between the soma and
germline. The fact that the specificity of oleic acid is observed
in both studies further increases the likelihood of oleic acid as
the possible link between germline/reproduction and somatic
maintenance/lifespan. Oleic acid, more than other fatty acids that
did not affect longevity, regulates the expression of several genes
involved in fatty acid storage.
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FIGURE 4 | Oleic acid-specific mating-induced death rescue is conserved. Kaplan-Meier analysis with log-rank (Mantel-Cox) test was used to determine statistical
significance for all the lifespan assays (lifespan of mated worms was always compared to unmated worms of the same genotype/treatment). **p < 0.01,
***p < 0.0001. (A-F) Oleic acid protects worms from short-term mating-induced death. (A) Unmated N2: 16.7 + 0.8 days, n = 60; 2 h mated: 17.8 £+ 0.5 days,
n =100, p = 0.5900. (B) Unmated fog-2: 18.2 & 1.4 days, n = 60; fog-2 2 h mated: 14.0 + 1.0 days, n = 100, p = 0.0044. (C) Unmated N2 + oleic acid:
17.4 £ 0.7 days, n = 60; 2 h mated + oleic acid: 17.7 £+ 0.6 days, n = 100, p = 0.7676. (D) Unmated fog-2 + oleic acid: 16.4 + 0.8 days, n = 60; fog-2 2 h
mated + oleic acid: 16.2 + 0.9 days, n = 100, p = 0.5910. (E) Unmated h/h-30: 16.6 days + 0.8 days, n = 60; hlh-30 2 h mated: 14.3 £+ 0.4 days, n = 100,
p =0.0117. (F) Unmated h/h-30 + oleic acid: 19.4 + 0.5 days, n = 60; hlh-30 2 h mated + oleic acid: 18.8 4 0.4 days, n = 100, p = 0.4357. (G) Mated C. remanei
mothers’ lifespans are also rescued by oleic acid supplementation. Unmated: 22.6 + 1.2 days, n = 60; mated: 18.2 £+ 0.8 days, n = 60, p = 0.0029; unmated + oleic
acid: 21.9 4 1.4 days, n = 60; mated + oleic acid: 25.3 4 0.9 days, n = 60, p = 0.3266. (H) Lifespans of unmated and mated N2 hermaphrodites with and without
oleic acid supplementation. Unmated: 16.6 & 0.5 days, n = 49; mated: 11.8 & 0.5 days, n = 80, p < 0.0001; unmated + oleic acid: 17.9 + 0.6 days, n = 50;
mated + oleic acid: 18.1 + 0.6 days, n = 80, p = 0.9466.

In addition to dietary supplementation, we also show that to linoleic acid, increases endogenous oleic acid levels (Watts
endogenous oleic acid is beneficial to mated worms. Genetically —and Browse, 2002) as well as the level of total triglyceride (TAG)
blocking FAT-2, the desaturase enzyme that converts oleic acid  (Horikawa and Sakamoto, 2010), which we find protects the
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Caenorhabditis mothers. Oleic acid addition (whether endogenously or exogenously) is able to restore the lifespan decrease caused by mating.
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worms from mating-induced death. FAT-6 and FAT-7 are the
stearoyl CoA desaturases (SCD) that convert stearic acid to oleic
acid. Interestingly, fat-6 and fat-7 are up-regulated in long-lived
mutants such as daf-2 and glp-1 (Murphy et al., 2003; Goudeau
etal, 2011), indicating again that increased endogenous oleic acid
is beneficial to worms. It is possible that oleic acid is the somatic
energy source that extends lifespan in these mutants. FAT-
6/FAT-7/SCD1 desaturase enzyme activity is highly conserved. In
mammals including humans, oleic acid is the prime substrate for
triglyceride (Chu et al., 2006). Loss of SCD1, which synthesizes
oleic acid, was shown to protect against adiposity by preventing
the accumulation of triglyceride in mice (Ntambi et al., 2002),
just as fat-6;fat-7 mutant worms have significantly low levels
of triglyceride storage (Watts and Browse, 2002). Furthermore,
SCD1 is strongly upregulated in response to ovariectomy in
mice (Paquette et al., 2008). The biological roles of oleic acid
and desaturation are thus conserved in several aspects between
C. elegans and humans. With regard to reproduction, oleic acid
is a major determinant of plasma membrane fluidity in many
cells, including follicular cells (Funari et al., 2003). In bovine
oocytes, oleic acid plays a key role in membrane fluidity that
counteracts the detrimental effects of exposure to saturated fatty
acids (Aardema et al., 2011), and acts as a metabolic regulator of
oxidative stress and cellular signaling in oocytes, early embryonic
development, and female fertility (Fayezi et al., 2018).

Oleic acid is likely to be the linchpin of the reproductive
and somatic energy balance. Mating-induced up-regulation of
fat-7, which converts stearic acid to oleic acid, could be a
response of the mated worms to prepare themselves with
more endogenous oleic acid for dramatically increased progeny
production. At the same time, the somatic reserve of oleic
acid is depleted as indicated by the loss of fat storage to
fuel the mating-induced elevated reproductive activity. In this
case, mated worms prioritize oleic acid for reproduction, and

the outcome is increased reproduction at the cost of lifespan.
By contrast, in daf-2 and glp-1 mutants with reduced or no
reproductive activity, more oleic acid accumulates in the somatic
tissues and may be utilized for somatic maintenance, leading
to an extension of lifespan. Therefore, oleic acid is likely to
be the limiting energy source that reproduction and somatic
maintenance compete for. Our results suggest that oleic acid
depletion is a prime example of the cost of reproduction.
Excitingly, it is one that appears to be reversible through
dietary supplementation of oleic acid. Oleic acid, along with
the evolutionarily conserved enzymes in the pathway, might be
therapeutic targets that could help humans improve reproductive
and somatic health at the same time without having to sacrifice
one for the other.

MATERIALS AND METHODS

Strains and Maintenance

All worm strains used in this study are listed below. All strains
were maintained on Nematode Growth Media (NGM) plates at
20°C according to the standard procedure (Brenner, 1974).

Strain Genotype Source
N2 Wild-type CGC
CB4108 fog-2(q71) V CGC
CB4037 glp-1(€2141) Il CGC
RB969 fat-2(0k873) IV CGC
BX156 fat-6(tm331) IVifat-7(wa36)V CGC
JIN1375 hlh-30(tm1978) IV CGC
PB4641 Caenorhabditis remanei CGC

CGC is the Caenorhabditis Genetics Center.
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Mating Assays

All assays were performed at 20°C, and all worms were
synchronized through bleaching adult worms with a mixture of
NaOCl and KOH, leaving only the eggs.

Twenty-Four Hour Group Mating

Ten centimeter NGM plate was seeded with 300 pL of OP50
(Brenner, 1974) to create a ~3 cm diameter of bacterial
lawn. Hundred hermaphrodites and 300 males at late L4 were
transferred onto the plate. The ratio of 1 hermaphrodite to 3
males was used to optimize mating. 24 h later, the hermaphrodites
were transferred onto newly seeded plates without males.
Complete mating means that males transfer enough sperm so
that all progeny produced are cross-progeny (half males, half
hermaphrodites). Incomplete mating means that males do not
transfer enough sperm so that their sperm is used up and
hermaphrodites later revert to using their own sperm, evidently
seen from the ratio of male: hermaphrodite offspring. The
progeny of the mated hermaphrodites was checked every day, and
incompletely mated worms were censored.

For C. remanei, the same method was used for mating. Since
males deposit copulatory plugs onto females’ vulva after mating,
mated females without the plugs and unmated females with the
plugs were both censored.

Two Hour Short-Term Mating

The same setup was used as group mating, but the mating was
allowed for only 2 h. Hermaphrodites were transferred first onto
seeded plates, and males were moved onto the plates later in an
orderly and timely manner, so that each experimental group has
exactly 2 h for mating.

Lifespan Assay
Lifespan assays were performed using 3 cm NGM plates seeded
with 25 pL of OP50. A maximum of 20 worms were present at
each plate. For mated group, #n = 100 while for unmated group,
n > 50. Worms were transferred every day to freshly seeded
plates during the reproductive period to eliminate confounding
progeny, and every other day afterward. Worms were scored
dead if they did not respond to repeated prods with a pick.
The beginning of Day 1 of adulthood was defined as t = 0,
and Kaplan-Meier survival analysis was performed with the
log-rank (Mantel-Cox) method. Lifespan curves were generated
using GraphPad Prism. Bagged (matricide), exploded, or lost
worms were censored.

fat-6;fat-7 mutants had suspended growth, so they were
considered Day 1 adults when the egg-laying began.

Reproductive Span and Brood Size
Assay

Individual hermaphrodites after mating were transferred onto
3 cm NGM plates seeded with 25 pL of OP50 and moved to
fresh plates daily until reproduction ceased for at least 2 days.
The old plates were left at 20°C for 2 days to allow the offspring
to grow into adults, which were manually counted for daily
production and total brood size. At least 20 plates of individual
worms were counted to account for individual variation. The

last day of reproduction was marked as the last day of progeny
production, evidenced by no worms on the old plates. When
matricide occurred, the worm was censored from the experiment
on that day. Kaplan-Meier analysis with log-rank (Mantel-
Cox) method was performed to compare the reproductive spans.
Reproductive span curves and brood size values were graphed
using GraphPad Prism.

Fatty Acid Supplementation

The fatty acid supplementation was adapted from the published
protocol (Deline et al., 2013) with minor modifications from
a more recent publication (Han et al,, 2017). The detergent
Tergitol (type NP-40, Sigma-Aldrich) was added to a final
concentration of 0.001% in liquid NGM media, and an optimized
concentration of 0.8 mM was supplemented for all fatty acids.
For our purpose, fatty acids were in ethanol solution and were
further dissolved in purified water by shaking for 30 min.
The working stock was made fresh every time. The media
was stirred for at least 5 min after the working stock was
added. The fatty acids were deemed incompletely dissolved if
a similar number of oil bubbles can be seen in the media
with and without the detergent. Plates were kept inside a dark
plastic box with no ventilation, but with sterile lab tissues
that were replaced every day to absorb moisture. This method
enabled the plates to remain without visible blackening of
the fatty acid bubbles for a longer period. Control plates
were made using the exact same procedure including the
detergent and the ethanol, but not the fatty acid. Correct and
consistent application of this procedure was essential for the
replicability of the results.

Oil Red O Staining and Quantification

Oil Red O staining was adapted from the published protocol to
stain around 100 worms per condition (Wihlby et al., 2014).
Approximately 10 worms were imaged per slide with Nikon Ti.
Oil Red O quantification was performed as published (O’Rourke
et al, 2009). Briefly, colored images were split into RGB
monochromatic images in Image J. The polygon selection tool
was used to outline the boundary of each worm. The Oil Red O
staining arbitrary unit (a.u.) was determined by mean gray value
within the worm, calculated by the difference between the signals
in Blue/Green and Red channel. T-test analysis was performed to
compare the fat staining of different groups of worms. Individual
intensity values were graphed using GraphPad Prism.

Microarrays

Microarray data of mated and unmated glp-1(e2141) was
retrieved from the previous publication (Booth et al., 2020). glp-
1(e2141) hermaphrodites grown at the restrictive temperature
(25°C) were mated on day 1 of adulthood for 24 h in a 2:1
male:hermaphrodite ratio. Two hundred hermaphrodites were
collected on day 2/3 of adulthood for each biological replicate.
In fatty acids supplementation experiments, eggs from bleached
fog-2(q71) hermaphrodites were grown on NGM plates with
various fatty acids supplementation at the final concentration
of 1 mM. In mated groups, fog-2 hermaphrodites were mated
with young males for 24 h from day 1 of adulthood to day
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2 of adulthood in the presence of fatty acid supplementation.
About 200 hermaphrodites were collected on day 3 of adulthood
for each biological replicate. RNA was extracted by the heat
vortexing method. Two-color Agilent microarrays were used
for expression analysis. Significantly differentially expressed
gene sets were identified using SAM (Tusher et al., 2001).
One class SAM was performed to identify genes that are
significantly differentially expressed after mating in each fatty
acid supplementation condition (Supplementary Figure 5).
Two class SAM was performed to identify genes that are
significantly differentially expressed after mating specific to oleic
acid supplementation (Figures 2G,H). Principal component
analysis was performed in R using prcomp function based
on the genes identified by one class SAM (Supplementary
Figure 4). Gene ontology enrichment analysis was performed
using wormbase enrichment tools (Supplementary Figure 2B)’,
and multi-query function of gProfiler (Supplementary Figure 5)
(Raudvere et al., 2019).

Original microarray dataset can be found in PUMAdb:

Mated and unmated glp-1(e2141) hermaphrodites:
https://puma.princeton.edu/cgi-bin/exptsets/review.pl?exptset_
no=7345.

Mated and unmated fog-2(q71) hermaphrodites with different
fatty acids supplementation: https://puma.princeton.edu/cgi-
bin/exptsets/review.pl?exptset_no=7359.
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Supplementary Figure 1 | Mating causes dramatic fat loss and lifespan
decrease in longevity mutants. (A) daf-2(e1370) longevity mutants are short-lived
post-mating. Unmated daf-2: 37.0 + 1.9 days, n = 47, mated daf-2:

19.4 £+ 2.2 days, n = 60, p < 0.0001. (B) glp-7(e2141) mutants live shorter after
mating as well. Unmated glp-7: 24.1 + 1.3 days, n = 48, mated glp-1:

11.6 £ 0.5 days, n = 60, p < 0.0001. (C) Quantification of Qil red O fat staining of
mated and unmated wild-type (N2), daf-2, and gip-1 worms. (D) Mated worms
under solid plate-based dietary restriction (sDR) live longer than those ad libitum.
N2 Unmated: 14.0 £+ 0.4 days, n = 50, N2 mated: 8.8 + 0.4 days, n = 100,

p < 0.0001; unmated + sDR: 23.7 + 1.4 days, n = 50, mated + sDR:

14.1 £ 2.0 days, n = 100, p = 0.0042.

Supplementary Figure 2 | Genome-wide transcriptional analysis of

mated vs. unmated glp-1 hermaphrodites. (A) Heatmap of whole transcriptome
comparison between mated and unmated glp-1(e2741) hermaphrodites. (B) Gene
ontology enrichment analysis of significantly differentially expressed genes.

Supplementary Figure 3 | Both endogenous and exogenous oleic acid influence
the lifespan of C. elegans. (A) Worms with excessive endogenous oleic acid are
longer-lived. Lifespans: N2 unmated: 15.8 + 0.4 days, n = 160; fat-2 unmated:
18.1 £ 0.4 days, n = 173, p = 0.0002. (B) Dosage test of oleic acid
supplementation. With improved fatty acid dissolution technique, 0.8 mM of
supplementation was deemed sufficient for all later experiments. Unmated N2:
14.2 £ 0.5 days, n = 50; mated: 9.5 &+ 0.3 days, n = 100; mated + 0.8 mM oleic
acid: 12.2 £ 0.6 days, n = 100; mated + 2.0 mM oleic acid: 13.8 £+ 0.7 days,
n=100.

Supplementary Figure 4 | Transcriptomes of mated vs. unmated
hermaphrodites are affected by fatty acids supplementation. (A) Principal
component analysis of the transcriptomes of mated vs. unmated hermaphrodites
raised on agar media with oleic acid (OA), linoleic acid (LA), eicosapentaenoic acid
(EPA), and no supplementation (Ctrl). (B) Principal component analysis of the
transcriptomes of mated vs. unmated hermaphrodites raised on agar media with
oleic acid (OA), linoleic acid (LA), and eicosapentaenoic acid (EPA)
supplementation.

Supplementary Figure 5 | Gene Ontology analysis of transcriptomes of mated
vs. unmated hermaphrodites with different fatty acids supplementation and
control. Enrichment of molecular function (A), biological process (B), cellular
component (C), and transcription factor (D) were compared for all four conditions:
worms raised on normal media (ctrl), on media with oleic acid (OA), linoleic acid
(LA), and eicosapentaenoic acid (EPA) supplementation.

Supplementary Figure 6 | Oleic acid supplementation increases the lifespan of
mated worms more significantly. (A) Percent lifespan increase of the mated worms
in the presence of oleic acid supplementation (30%; all genotypes included, each
dot represents one lifespan replicate) is significantly higher than that of the
unmated worms (5%), p = 0.0159, unpaired t-test. (B) Oleic acid supplementation
does not affect the lifespans of fat-2 mutants which have excessive endogenous
oleic acid: only about 2% increase. The rest of the mated worms have an average
of 40% lifespan increase in the presence of oleic acid supplementation compared
to the 6% lifespan increase of the unmated worms, p = 0.0071, unpaired t-test.
(C) Percent lifespan increase with the oleic acid treatment of each lifespan
experiment with genotypes listed.

Supplementary Table 1 | Lifespan Summary.

Supplementary Table 2 | Mating-induced differentially expressed genes identified
by one-class SAM analysis.

Supplementary Table 3 | Gene Ontology Enrichment Analysis of genes in
Supplementary Table 2.

Supplementary Table 4 | Oleic acid-specific mating-induced differentially
expressed genes identified by two-class SAM analysis.
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Immature Follicular Origins and
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Contribute to Decreased Gamete
Quality During Reproductive
Juvenescence in Mice
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and Francesca E. Duncan™
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Egg quality dictates fertility outcomes, and although there is a well-documented decline
with advanced reproductive age, how it changes during puberty is less understood.
Such knowledge is critical, since advances in Assisted Reproductive Technologies are
enabling pre- and peri-pubertal patients to preserve fertility in the medical setting.
Therefore, we investigated egg quality parameters in a mouse model of the pubertal
transition or juvenescence (postnatal day; PND 11-40). Animal weight, vaginal opening,
serum inhibin B levels, oocyte yield, oocyte diameter, and zona pellucida thickness
increased with age. After PND 15, there was an age-associated ability of oocytes to
resume meiosis and reach metaphase of meiosis Il (MIl) following in vitro maturation
(IVM). However, eggs from the younger cohort (PND 16-20) had significantly more
chromosome configuration abnormalities relative to the older cohorts and many were
at telophase | instead of M, indicative of a cell cycle delay. Oocytes from the youngest
mouse cohorts originated from the smallest antral follicles with the fewest cumulus layers
per oocyte, suggesting a more developmentally immature state. RNA Seq analysis of
oocytes from mice at distinct ages revealed that the genes involved in cellular growth
signaling pathways (PI3K, mTOR, and Hippo) were consistently repressed with meiotic
competence, whereas genes involved in cellular communication were upregulated in
oocytes with age. Taken together, these data demonstrate that gametes harvested
during the pubertal transition have low meiotic maturation potential and derive from
immature follicular origins.

Keywords: aging, puberty, follicle, meiosis, zona pellucida, cumulus cells, oocyte, spindle

INTRODUCTION

Female reproductive aging is associated with a striking reduction in gamete quantity and quality
beginning when women reach their mid-thirties, and this contributes to both loss of fertility and
endocrine function (Hassold and Chiu, 1985; Speroff, 1994; Armstrong, 2001; Franasiak et al.,
2014). Much less is known about how egg quality is impacted at the other end of the age spectrum
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because pregnancy in adolescence is avoided in most cultures
and societies. However, this need is rapidly emerging in the
medical and particularly pediatric oncology setting. Due to
clinical advances in diagnostics and therapeutics, more than 80%
of children with a malignancy will achieve a 5-year survival,
making approximately 1 in 750 a childhood cancer survivor in
the United States (Ward et al., 2014). Despite these life-saving
improvements, childhood cancer survivors show accelerated
aging phenotypes relative to their cancer-free siblings (Green
etal., 2009). With regards to reproductive function, survivors are
more likely than their siblings to experience infertility (Green
et al., 2009; Nielsen et al., 2013). This has fueled the field of
Oncofertility—the merging of oncology and fertility—to explore
and expand fertility preservation options for men, women, and
children (Gracia and Woodruft, 2012; Woodruff, 2015).

For females, standard fertility preservation options include
oocyte and embryo banking, but these techniques are not suitable
for prepubertal girls. In these populations, technologies such
as ovarian tissue cryopreservation (OTC), as well as ex vivo
in vitro maturation (IVM) can be used (Anderson and Wallace,
2011; Wang et al,, 2016; Algarroba et al, 2018). In OTC,
ovarian tissue is removed from the patient and cortical strips
containing primordial follicles are cryopreserved to later be
used for transplantation to restore endocrine function and/or
fertility. While ovarian tissue transplantation has resulted in
>130 live births worldwide, the knowledge of its success using
tissue isolated from prepubertal and adolescent girls is limited
but is increasing as the individuals who have stored ovarian
tissue are surviving their cancer and reaching the age where
they want to restore their reproductive potential (Duncan et al.,
2015; Jensen et al., 2017a,b; Takae et al., 2019). Ex vivo IVM is
an emerging method that can be coupled with OTC to broaden
the fertility preservation options for young girls (Revel et al,
2009; Anderson and Wallace, 2011). In this method, immature
oocytes are collected ex vivo from small antral follicles at the
same time that the harvested ovarian tissue is prepared into
cortical strips for OTC (Kristensen et al., 2011). These oocytes
are then matured in vitro, and mature eggs arrested at metaphase
of meiosis II (MII) are cryopreserved for the female’s future use
(Revel et al., 2009). Fertilization of eggs derived from ex vivo IVM
has resulted in pregnancies and live birth, and mature eggs have
been obtained successfully from premenarchal and adolescent
girls alongside frozen ovarian tissue (Revel et al., 2003; Uzelac
etal, 2015; Fasano etal., 2017). The use of such methods in young
females is increasing, and in the past 5 years more than 70% of the
participants who have undergone OTC through the Oncofertility
Consortium’s National Physicians Cooperative were under the
age of 18 (Duncan et al., 2015; Armstrong et al., 2018).

Given these trends in fertility preservation, the eggs that
normally would not have contributed to physiologic fertility will
in fact be used clinically. Thus, there is a critical need to examine
egg quality parameters in young females. In fact, compelling
evidence already exists that egg quality may be suboptimal at
the youngest ages in addition to advanced reproductive age.
Many studies show inferior developmental capacity of oocytes
obtained from younger, pre-pubertal mammals (Pinkert et al.,
1989; Eppig et al., 1992; Revel et al., 1995; Damiani et al., 1996;

Khatir et al., 1996; O’Brien et al., 1996, 1997; Ledda et al., 1997;
Izquierdo et al., 1999). In addition, girls experience a one to 3 year
period of adolescent sterility or subfecundity following menarche,
and this phenomenon is evolutionarily conserved (Hartman,
1931). Moreover, the incidence of egg aneuploidy and trisomies
in clinically recognized pregnancies exhibit a u- or j-shaped
curve, respectively, where the frequency of these events is the
highest at both ends of the reproductive spectrum (Hassold and
Chiu, 1985; Gruhn et al., 2019). This pattern was also observed
in a comprehensive chromosomal screening study of human
embryos demonstrating that the incidence of aneuploidy was
>40% for women in the early twenties, compared to 20-25% in
mid to late twenties (Franasiak et al., 2014). Puberty involves a
complex series of maturational events involving the development
of the hypothalamic-pituitary-ovarian axis that drives oogenesis
and folliculogenesis. Therefore, we hypothesized that puberty is
a particularly sensitive window in the development of a high
quality gamete and investigated the determinants of egg quality
using a mouse model of the pubertal transition.

RESULTS

Characterization of a Mouse Model of

the Pubertal Transition

We used a mouse model of the pubertal transition and
an experimental paradigm that mimics how gametes are
obtained clinically in the fertility preservation setting for young
females, whereby oocytes from antral follicles are isolated from
unstimulated ovaries and matured in vitro to obtain eggs arrested
at metaphase stage of meiosis II (MII) (Revel et al, 2009
Abir et al.,, 2016). In mice, puberty typically occurs more than
20 days after birth (Vandenbergh, 1967; Smitz and Cortvrindt,
2002). Increased gonadotropin-releasing hormone (GnRH) pulse
frequency is an important event that marks puberty. In rodents,
GnRH is secreted in a pulsatile fashion beginning at PND 5,
and the highest GnRH pulse frequencies are observed between
PND 40-45 (Prevot et al., 2003). Therefore, we examined gamete
quality endpoints in age cohorts of mice spanning puberty: PND
11-15, 16-20, 21-25, 26-30, 31-35, and 36-40. To confirm
that these age cohorts spanned this period of development,
we examined animal weights and vaginal opening. Growth
patterns are an important factor in assessing pubertal timing, and
weight increase is associated with puberty (Kennedy and Mitra,
1963). Animal weight increased significantly over the pubertal
transition from 8.6 = 1.8 g on PND 11-15 to 253 £ 13 g
by PND 36-40 (p < 0.001, Figure 1A). Vaginal opening is
often used as an outward manifestation of puberty (Caligioni,
2009). In fact, significantly fewer GnRH pulse frequencies are
observed in animals prior to vaginal opening compared to those
that are analyzed after vaginal opening, suggesting a tight link
between vaginal opening and pubertal status (Sisk et al., 2001).
In our model, vaginal opening was first observed in a subset
of mice beginning on PND 18 (Figure 1B). The percentage of
mice exhibiting vaginal opening increased until PND 27, after
which point 100% of animals were positive for this phenotype,
suggesting that they had reached puberty (Figure 1B).
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FIGURE 1 | Pubertal transition in mice as characterized by changes in weight, vaginal opening, and inhibin B levels. (A) Average mouse weight in different age
cohorts was measured across pubertal transition (n = 42, 5—9 mice per age cohort). Error bars represent standard error of the mean (SEM). Columns with different
letterheads are significantly different from each other (p < 0.001). (B) Percent of mice with vaginal opening was tracked at different ages spanning pubertal transition
(n = 39). Mice were not tracked longitudinally; instead, mice within each age cohort represented distinct biological replicates and were euthanized immediately
following the evaluation of vaginal opening. (C) Serum inhibin B levels were measured in mice across pubertal transition (1 = 21 mice, 3-5 mice per age cohort—one
pooled serum sample from 5 mice was tested for PND 11-15, and individual serum samples were used in other age groups).

To further characterize that our age cohorts spanned the
pubertal transition, we analyzed serum levels of the gonadal
peptide inhibin B (Figure 1C). Serum inhibin B levels are a
marker of follicular activity which occurs during the pubertal
transition, including an increased number of developing follicles
and those reaching a later stage of development (Rivier and
Vale, 1987; Raivio and Dunkel, 2002). In our model, inhibin B
levels were low in PND 11-15 mice (127.3 pg/ml) but increased
dramatically in the PND 16-20 cohort (1,595.25 £ 179.32
pg/ml), suggesting that these time points delineate an important
transition in the onset of puberty (Figure 1C). We also measured
estradiol levels and found that they were detectable across the age
cohorts. The levels were less than 10 pg/ml and not significantly
different across age groups. However, there was a trend of
increasing estradiol levels from 3.8 £ 0.5 pg/ml in PND 16-20
mice to 8.2 £ 1.1 pg/ml in PND 26-30 mice.

Oocyte Diameter and Meiotic
Competence Increases Across the

Pubertal Transition

To determine how the pubertal transition affected oocyte
characteristics, we counted the average number of oocytes
collected per mouse and measured oocyte diameter and zona
pellucida thickness across the age cohorts (Figure 2A). Although
the pattern was not consistent across all cohorts, there did appear
to be a general increase in oocyte yield with increasing age
(Figure 2B). For example, relative to PND 11-15, significantly
more oocytes were collected at PND 21-25 and PND 31-35
(18.3 £ 16.7 oocytes/mouse, 43.7 £ 15.2 oocytes/mouse, and
42.5 £ 11.8 oocytes/mouse, respectively, p < 0.01). The ratio
of oocytes enclosed in cumulus oocyte complexes to denuded
ones upon isolation was similar across cohorts (Supplementary
Figure 1). There was a clear age-associated increase in oocyte
diameter (Figure 2C). Average oocyte diameter increased
significantly from 65.6 4.7 pm on PND 11-15t0 71.0 = 4.1 pm
on PND 16-20 and 78.4 £ 4.6 pum on PND 21-25 (p < 0.01,
Figure 2C). Oocytes reached maximal diameter on PND 21-25,
after which point there was no further increase. To further

assess how oogenesis may differ across the pubertal transition,
we examined the average thickness of the zona pellucida in
oocytes collected from mice in different age cohorts (Figure 2D).
The zona pellucida is a glycoprotein matrix secreted by the
oocyte during its growth phase, and positive correlations between
zona thickness and maturation, fertilization, and preimplantation
embryo development outcomes have been reported in multiple
species (Conner et al., 2005). Zona pellucida thickness increased
significantly from 4.4 + 0.5 pm in oocytes from PND 11-15
mice to approximately 6.0 pm in the cohorts beyond PND 21
(Figure 2D, p < 0.01).

A key hallmark of gamete quality is the acquisition of meiotic
competence or the ability of the oocyte to resume meiosis
and reach MII at which stage it can be fertilized. To define
the precise time when oocytes achieve meiotic competence,
we performed IVM and scored the ability of oocytes isolated
from the different age cohorts to progress through meiosis
(Figure 3A). Oocytes isolated from mice in the PND 11-
15 cohort lacked meiotic competence, with only 1.0 £ 2.5%
of the cells reaching MII (Figure 3B and Supplementary
Figure 2C). In fact, this age cohort had a significantly higher
percentage of cells (54.2 £ 38.5%, p < 0.05) arrested in prophase
I (GV-intact) relative to the other age cohorts (Figure 3B
and Supplementary Figure 2A). After PND 15, the ability
of oocytes to reach MII following IVM increased to between
55.4 and 72.7% in the older age cohorts (Figure 3B and
Supplementary Figure 2C). Although there was no significant
difference in meiotic competence among the age cohorts after
PND 15, the PND16-20 cohort exhibited the largest variation
(Supplementary Figure 2C). Therefore, we examined meiotic
competence more closely over 2-day intervals during this early
period of the pubertal transition. Meiotic competence increased
steadily over this period, with 0% of cells reaching MII on
PND 14, 39.7 &+ 30.5% of cells on PND 16, and 81.5 £ 0.9%
on PND 18 (Figure 3C). Interestingly, we noted that PND 16
mice naturally segregated into two distinct subgroups by weight,
and the heavier group (>9 g) had more meiotically competent
oocytes >50% compared to <10% in mice that weighed <9 g
(data not shown).
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FIGURE 2 | Oocyte characteristics during the pubertal transition as assessed by yield, diameter, and zona pellucida thickness. (A) A representative transmitted light
image of oocytes isolated from antral follicles. The thickness of the zona pellucida (ZP) is delineated by the white line. The scale bar is 100 wm. (B) The average
number of oocytes collected per mouse in each age cohort was examined (n = 36 mice, 5-8 mice per age cohort). Asterisks denote groups significantly different
from each other (p < 0.01). (C) The average oocyte diameter was calculated for oocytes collected from each mouse in distinct age cohorts (n = 363 oocytes, 36
mice, 4-8 mice per age cohort). Groups with different letterheads are significantly different from each other (p < 0.01). (D) Zona pellucida thickness was measured
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Altered Chromosome Configurations
Following IVM Are Highest in Eggs
Obtained From Mice During Pubertal
Transition Period

Although the majority of cells in mice > PND 15 were able
to reach MII following IVM, the quality of the resulting
gametes may not be equivalent across the pubertal transition.
Chromosome segregation is essential for oocyte meiosis and
defects in this process can result in aneuploidy. Therefore,
we examined whether chromosome configuration defects were
observed in mature eggs across the pubertal transition. To do
this, we divided the spindle phenotypes observed in MII eggs
into four main categories: (i) normal chromosome alignment
along the metaphase plate, (ii) 1 chromosome misaligned on
the metaphase plate, (iii) >1 chromosome misaligned on the
metaphase plate, and (iv) other configurations such as telophase
I (Figure 4A). We observed an inverse relationship between
the age of mice (PND 15-40) and percentage of eggs with
chromosome configuration abnormalities (Figure 4B). Although

this relationship was weak and not statistically significant
(r = —0.22, p = 0.23), the incidence of overall chromosome
abnormalities was significantly higher in the PND 16-20 cohort
when compared to the older age cohorts (46.7 £ 30.2% vs.
17.6 & 14.8%, p < 0.01, Figure 4C). We further subdivided the
types of abnormalities observed and found that the majority of
abnormal cells in the PND 16-20 cohort exhibited telophase
I configurations, indicative of a cell cycle delay in meiotic
progression (Figure 4D).

Decreased Egg Quality Parameters Are
Associated With Smaller Follicle

Diameters and Reduced Cumulus Cell
Layers

Coordinated growth between the oocyte and its surrounding
somatic cells in the follicle during oogenesis and folliculogenesis
is essential for the generation of a high-quality gamete (Hyun
et al., 2003; Magalhaes-Padilha et al.,, 2013). Thus, we wanted
to examine whether the differences we observed in egg quality
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FIGURE 3 | Age-dependent acquisition of oocyte meiotic competence in mice. (A) The ability of the oocytes in each age cohort to progress through meiosis
following in vitro maturation (VM) was scored according to morphological criteria as visible in the representative transmitted light images. Cells with an intact
germinal vesicle (GV; arrowhead) were arrested at prophase |; cells that had extruded a first polar body (asterisks) reached metaphase of meiosis Il (MIl); cells that
lacked a GV or a PB had undergone germinal vesicle breakdown (GVBD) or were at metaphase of meiosis | (Ml). Fragmented, lysed, or shrunken cells were classified
as degenerated. The scale bars are 25 wm. (B) Percentage of oocytes isolated from mice that progressed to specific stages of meiosis following IVM was calculated
for each age cohort (n = 34 mice, 4-8 mice per age cohort). (C) Percentage of oocytes isolated from PND 14, PND 16, and PND 18 mice that progressed to
specific stages of meiosis following IVM. Mll-arrested eggs are first observed on PND 16. PND, postnatal day.
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FIGURE 4 | Abnormal meiotic chromosome configurations are more prevalent in the youngest age cohort. (A) Representative confocal images of how different
chromosome configurations observed in MIl eggs were categorized: (i) normal bipolar spindle with chromosomes aligned on the metaphase plate (i) spindle with 1
misaligned chromosome (arrowhead), (i) spindle with ( >1 misaligned chromosomes (arrowheads), and (iv) a telophase | spindle indicative of cell cycle delay. The
scale bar is 5 pm. (B) The correlation between mouse age and the percentage of eggs with abnormal chromosome configurations (n = 244 eggs from 4 to 8 mice
per age cohort). Line was fit to the data (- = —0.22, p = 0.23). (C) The average incidence of chromosomal abnormalities in MIl eggs per mouse in the PND 16-20
was plotted relative to the other ages in aggregate. Asterisk denotes significant difference between the groups (p < 0.01, n = 244 eggs from 4 to 8 mice per age
cohort). (D) Percentage of MIl eggs with specific chromosome configuration abnormalities was plotted in each age cohort according to the criteria established in (A).

across the pubertal transition could have origins at the level 5A,B). In formalin fixed paraffin embedded tissue (FFPE)
of the follicle. Therefore, we examined histological sections of ovarian tissue sections, we observed that oocyte diameter
ovarian tissue from mice in each of the age cohorts to identify significantly increased from 56.9 = 3.2 pum on PND 11-15 to
follicles that contained oocytes with the approximate diameter  60.8 &= 3.6 um on PND 16-20 and 70.7 & 3.8 wum on PND 21-25
as those collected directly from ovarian tissue (Figures 2C, (p < 0.01). Oocytes reached maximal diameter on PND 21-25,
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FIGURE 5 | Histological analysis demonstrates that oocytes originate from follicles with increasing diameter and attain more cumulus cell layers as puberty
progresses. (A) Representative histology sections of antral follicles in mice at different ages across the pubertal transition that contain oocytes of the approximate
size as those that were isolated directly from the ovary (Figure 2C). The arrowheads highlight the cumulus cell layers. The scale bars are 100 um. (B) The average
oocyte diameter in antral follicles in ovarian histological sections in the different age cohorts are shown (n = 68 oocytes within ovaries from at least 2 mice per age
cohort analyzed, p < 0.01). (C) The average follicle diameter of the oocytes measured in (B) was plotted (n = 68 follicles within ovaries from at least 2 mice per age
cohort analyzed, p < 0.01). (D) The average number of cumulus cell layers surrounding the oocytes in the follicles assessed in (B,C) were counted in the section
containing the oocyte nucleus as shown in (A) (7 = 68 cumulus-oocyte-complexes within ovaries from at least 2 mice per age cohort analyzed). Cohorts with

different letterheads are significantly different from each other (p < 0.01).

after which point there was no further increase with increasing
age (Figure 5B). The slight discrepancy in average diameters
between freshly isolated oocytes and those observed in FFPE
was likely an artifact of tissue fixation and processing. We then
measured the corresponding follicle diameter for each oocyte
and found that the average follicle diameter increased during
the pubertal transition from 152.0 £ 25.8 pm on PND 11-15
to 262.1 £ 27.5 wm on PND 16-20 and 332.7 £+ 77.4 pm on
PND 21-25 (p < 0.01) (Figure 5C). The average follicle diameter
plateaued after this point. Thus, oocytes from the youngest
age cohorts are derived from small antral follicles which likely
accounts for their small size.

At the time of antral cavity formation, the somatic component
of the follicle differentiates into two cell types—mural granulosa
cells and cumulus cells. The cumulus cells directly surround
the oocyte and participate in bidirectional communication
to support the oocyte’s metabolic demands (Tanghe et al,
2002; Kordus and LaVoie, 2017). To investigate whether there
were differences in the cumulus cell layers that surrounded
oocytes across pubertal transition, we counted the average
number of layers in each antral follicle that we measured. An
average of 1.61 * 0.68 layers of cumulus cells surrounded
oocytes in follicles from the youngest cohort, whereas this
gradually increased to 3.92 + 1.20 layers of cumulus cells
per oocyte in follicles from the oldest cohort (p < 0.01)
(Figure 5D). This histological analysis demonstrates that the
increase in oocyte diameter observed across the pubertal
transition is associated with a corresponding increase in
the average follicle diameter and number of cumulus cell

layers surrounding the oocyte. Therefore, the lack of meiotic
competence observed in oocytes from PND 11-15 cohort as
well as the increase in meiotic defects observed in oocytes from
PND 16-20 cohort is likely explained by their origin from small,
immature follicles.

Gene Expression Signatures Differentiate
Oocytes Based on Meiotic Competence
and Quality

To understand the molecular signatures that underlie meiotic
competence and egg quality during the pubertal transition,
we performed RNA-Seq on oocytes from PND 13, 16, and
PND 40 mice (Figure 6A). The PND 16 animals were further
sub-divided into those that weighed less (<9 g) (PND 16
small) and those that weighed more (=9 g) (PND 16 large).
These ages broadly represent mice with oocytes that lack
meiotic competence (PND 13, PND 16 small), oocytes that
have meiotic competence but are of suboptimal quality (PND
16 large), and oocytes that have meiotic competence and are
of optimal quality (PND 40). Oocytes were collected from
3 mice per condition to create three independent pools for
RNA Seq analysis. All samples had a similar number of read
counts and tended to have a higher correlation to samples
within the same category as compared to between categories
(Supplementary Figures 3A,B). For each condition, the mean
RPKM value for each gene was used for further analysis
using DESeq2. Differentially expressed genes from pairwise
comparisons between conditions were identified based on two
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FIGURE 6 | Oocytes collected from mice across the pubertal transition have differential patterns of gene expression. (A) Representative transmitted light images of
oocytes used for RNASeq analysis from mice at different ages: PND 13, PND 16 small (from small mice), PND 16 large (from large mice), and PND 40.
(B) Multidimensional scaling (MDS) plot shows oocytes from PND 16 large and PND 40 clustered together (circle) as compared to PND 13 and PND 16 small
oocytes. (C) Pairwise analysis of differentially expressed genes (fold change +1.5 and —1.5 and adj p < 0.05) across different oocyte cohorts shows similar gene
expression patterns when comparing PND 16 large with PND 13, PND 40 with PND 16 small and PND 40 with PND 13.

criteria: 1.5-fold change and adjusted P-value less than or
equal to 0.05. Volcano plots demonstrate that the number of
differentially expressed genes becomes more pronounced as the
difference in animal age increases, with the greatest number of
differentially expressed genes observed between oocytes from
PND 40 vs. PND 13 mice (Supplementary Figures 4A-C and
Table 1). The fewest differentially expressed genes were observed
when comparing oocytes from PND 16 small vs. PND 13 mice
(Supplementary Figure 4A) and PND 40 vs. PND 16 large
mice (Supplementary Figure 4E), suggesting that these groups
of oocytes are most similar to each other. Consistent with
this, oocytes from PND 16 large and PND 40 mice clustered
together relative to PND 13 and PND 16 small mice in a
multidimensional scaling (MDS) plot (Figure 6B). Pairwise
analysis demonstrated similar expression differences between
PND 16 large vs. PND 13, PND 40 vs. PND 13, and PND 40
vs. PND 16 small, revealing the gene expression program for
maturation (Figure 6C). Interestingly, there were differentially
expressed genes between oocytes from PND 16 large and PND 16
small mice despite the animals being the same age, presumably
reflecting the different maturation of these oocytes (Figure 6C
and Supplementary Figure 4D).

To identify gene expression profiles that underlie meiotic
competence, we compared differentially expressed genes between
meiotically non-competent (PND 13 and PND 16 small) and
competent (PND 16 large and PND 40) oocyte cohorts. These
populations are in fact significantly different with respect to their
gene expression as evidenced by the volcano plot (Figure 7A).
Interestingly, when we performed an over representation analysis
(ORA), we saw that there is a significant perturbation of several
pathways (Figure 7B). Based on Gene Ontology analysis, genes
involved in phosphatidylinositide 3-kinase, mTOR, and Hippo
signaling pathways were predominantly downregulated in the age
cohort associated with oocyte meiotic competence (PND 16 large
and PND 40) (Table 2 and Figure 7C).

TABLE 1 | Pairwise analysis of differentially expressed genes (fold change +1.5
and —1.5 and adj p < 0.05) across different oocyte cohorts.

S. No. Comparison Number of Number of
upregulated downregulated

genes genes

1 PND16 small vs. PND13 57 138

2 PND16 large vs. PND13 504 1,445

3 PND40 vs. PND13 894 1,861

4 PND16 large vs. PND16 small 178 537

5 PND40 vs. PND16 large 511 252

6 PND40 vs. PND16 small 793 1,313

7 PND 16 large and PND 40 vs. 580 1,603

PND 13 and PND 16 small

Oocytes from PND 16 large and PND 40 mice are both
meiotically competent, but those from PND 40 mice are
of better quality based on their follicular origins, spindle
morphology, and chromosome configuration. Thus, comparison
of gene expression between these cohorts allows interrogation
of pathways required for gamete quality. Gene Ontology
analysis revealed that differentially expressed genes involved in
cellular communication (i.e., cell periphery, plasma membrane,
postsynapse, extracellular region, cell junction, extracellular
vesicle, dense core granule) are upregulated in oocytes from PND
40 mice (Table 3). Thus, interaction between the oocyte and its
surrounding cumulus cells at this stage is fundamental to the
development of a high-quality gamete.

DISCUSSION

Advances in pediatric fertility preservation are necessitating a
better understanding of egg quality in young girls. Ovarian tissue
cryopreservation (OTC) is the mainstay of fertility preservation
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Phosphatidylinositol (p = 8.001e-4), mTOR (p = 0.003) and Hippo signaling (p = 0.004) pathways in meiotically competent as compared to sub-competent oocytes.
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for prepubertal females (Practice Committee of the American
Society for Reproductive Medicine, 2019). However, live birth
rates following ovarian tissue transplantation are low, and in
some cases there is a risk of reseeding malignant cells upon
transplantation (Meirow et al., 2008; Donnez et al., 2015; Van
der Ven et al,, 2016). Therefore, isolation of immature oocytes
and follicles from ovarian tissues with subsequent in vitro growth
and maturation is a vigorous research area. There are also
emerging reports of ovarian stimulation, oocyte retrieval, and
cryopreservation from pre-pubertal females (Reichman et al,
20125 Azem et al., 2020). Thus, understanding the quality of these
gametes is of paramount importance especially because studies
in multiple animal species and humans have raised concerns
regarding the suboptimal quality of gametes in this population
(Franasiak et al., 2014; Duncan, 2017; Gruhn et al., 2019).

Here we report the characterization and use of a mouse model
of the pubertal transition to understand egg quality during this
period. Our mouse model recapitulated key features of puberty in
humans, including increase in weight and rising inhibin B levels
(Raivio and Dunkel, 2002). As mice progressed through puberty,
there was an increase in the ability of oocytes to undergo meiotic
maturation, and there may be a potential association with animal
weight as well. This is consistent with previous observations
which showed that the developmental competence of in vitro
matured mouse oocytes is higher in 26-day old compared to
22-day old mice (Eppig et al., 1992). We narrowed down PND
16 as an important developmental switch in the acquisition of
meiotic competence in the CD-1 mouse strain. This was an
unexpected and interesting finding. There were only 2 mice in
each group and thus we chose not to show these data in the
current manuscript due to small number of animals. However,

it is an important and active area of further investigation.
Meiotic competence correlated with the increased size of the
follicles and oocytes, and this is consistent with previous studies
demonstrating that oocyte and follicular size are important
factors in determining oocyte developmental competence during
the pubertal transition in mice (Eppig and Schroeder, 1989; Eppig
et al,, 1992). In pigs, increased follicle size is associated with
improved meiotic maturation and developmental competence
(Marchal et al, 2002). Interestingly, the size-dependence is
also observed in vitro because there is an association between
increasing size of the antral follicle and improved meiotic and
embryo developmental competence in isolated mouse follicles
grown in alginate hydrogels (Xiao et al., 2015). Consistent with
animal studies, data from humans also show that oocyte diameter
needs to reach a certain size, 112 pm in one study (Duncan et al.,
2012), before meiotic competence is obtained.

Although the ability of an oocyte to reach MII is a prerequisite
to form a gamete that can undergo normal fertilization, just
because a gamete extrudes a first polar body does not mean
it is of high quality. In fact, we observed a higher incidence
of chromosome configuration abnormalities in meiotically
competent oocytes from mice early during the pubertal transition
compared to older age cohorts. These observations are consistent
with what is observed in human where there is an increased
incidence of aneuploidy in oocytes and embryos obtained from
girls during the pre-pubertal period and in early years of
adolescence and the reproductive lifespan (Franasiak et al,
2014; Gruhn et al., 2019). Although chromosome abnormalities
are common at both ends of the age spectrum, there are
differences in the phenotypes suggesting distinct underlying
mechanisms. For example, in the mouse model, our data
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TABLE 2 | Top 10 enriched pathways between meiotically competent (PND 16
large and PND 40) and non-competent (PND 16 small and PND 13) oocytes.

Pathway name p-value
Melanogenesis 2.918e-4
Phosphatidylinositol signaling system 8.001e-4
Basal cell carcinoma 0.002
N-Glycan biosynthesis 0.002
mTOR signaling pathway 0.003
Hepatocellular carcinoma 0.003
Glycosaminoglycan biosynthesis—chondroitin sulfate 0.003
Hippo signaling pathway 0.004
Proteoglycans in cancer 0.005
Human papillomavirus infection 0.005

PND, postnatal day.

TABLE 3| Top 10 GO term summary (cellular components) between PND 40 and
PND 16 large oocytes.

Name gene (DE/Al) p-value
Cell periphery 216/3,980 3.700e-5
Plasma membrane 209/3,868 7.000e-5
Plasma membrane part 122/2,073 1.300e-4
Dense core granule 5/16 4.100e-4
Postsynapse 34/445 8.000e-4
Extracellular region 189/3,606 9.100e-4
Synapse part 47/685 9.600e-4
Cell junction 72/1,165 9.800e-4
Synapse 56/859 0.001

Extracellular vesicle 132/2,412 0.001

DE, differential expression, PND, postnatal day.

suggests that cell cycle delays and telophase configurations are
predominant abnormalities in oocytes from mice during the
pubertal transition. In contrast, loss of chromosome cohesion
and premature separation of sister chromatids (PSSC) is the
predominant mechanism of aneuploidy associated with advanced
reproductive age (Chiang et al, 2010). In humans, meiotic
non-disjunction appears to be the predominant mechanism
responsible for aneuploidy in women <20 years old compared
to PSSC or reverse segregation which increases with advanced
age and is the primary mechanism of aneuploidy in older women
(Duncan et al., 2012; Gruhn et al., 2019). Thus, while aneuploidy
associated with advanced reproductive age appears to be due to
a deterioration of pathways related to chromosome segregation
(Pan et al,, 2008; Duncan et al,, 2017), the defects observed
in oocytes in juvenescence are likely due to the immature
status of the gametes.

In our study, the acquisition of meiotic competence during
the pubertal transition was associated with decreased expression
of cellular growth pathways, including PI3K, mTOR, and
Hippo. The differences in these transcriptomic signatures
could be secondary to the antral follicle size differences
between age groups, which is not surprising given immaturity
of hypothalamic-pituitary-ovarian (HPO) axis in pre-pubertal
animals. Although there are many reports highlighting the

importance of these signaling pathways in primordial follicle
activation (John et al., 2008; Reddy et al., 2008; Kawamura et al.,
2013; Sun et al., 2015; Yan et al., 2018), studies examining their
role in continued oocyte growth and meiotic maturation are
limited. In one study, conditional knockout of mTOR in growing
oocytes resulted in severely compromised oocyte developmental
competence despite only slight reduction in the number of
ovulated oocytes (Guo et al., 2018). Interestingly, the majority of
these oocytes demonstrated chromosome configuration defects
in meiosis I where telophase I configuration was the predominant
abnormality. These findings along with the results of our
study point to the role of these growth pathways beyond early
folliculogenesis.

In many cells, there is a direct relationship between cell
size and cell cycle (Goranov et al., 2009), with growth and cell
cycle progression being highly intertwined (Jorgensen and Tyers,
2004). Inhibition of cell growth leads to cell cycle arrest (Temin,
1971; Pardee, 1974; Prescott, 1976; Jorgensen and Tyers, 2004)
and activation of growth pathways drives cell cycle progression
(Backman et al., 2002; Rupes, 2002; Saucedo and Edgar, 2002).
Mitotic cells enforce critical cell size thresholds at G1/S and/or
G2/M phase transitions (Shields et al,, 1978; Dolznig et al,
2004; Jorgensen and Tyers, 2004). Similar mechanisms might
be at play in oocytes. Oocyte growth is associated with the
accumulation of cell cycle proteins including Cyclin B, p34¢P¢?
and CDC25 (Chesnel and Eppig, 1995; Kanatsu-Shinohara
et al, 2000), and the threshold amount of these proteins is
thought to be needed for meiotic progression. There is also
an association between the oocyte size and meiotic competence
(Duncan et al., 2012). Thus, the observed association of decreased
expression of genes involved in growth pathways with oocyte
meiotic competence may reflect that this population of oocytes
has reached a critical size threshold and has accumulated the
necessary molecules to undergo meiosis. Therefore, these growth
pathways are downregulated as the oocyte diverts resources from
growth to support downstream processes of meiotic maturation,
fertilization, and preimplantation embryo development.

Although oocyte meiotic progression was similar across ages
following PND 16, the quality of the gametes was not because
there were fewer chromosome abnormalities in oocytes from the
older age cohorts. There appears to be fundamental biological
differences in follicles that occur with age because even in
human, the same stage follicles obtained from pre-pubertal
girls show compromised in vitro growth potential compared
to those isolated from adults (Anderson et al.,, 2014). In our
mouse model, we demonstrated that oocytes from younger
mice come from smaller antral follicles with fewer cumulus
cell layers relative to the older mice. Moreover, genes that
regulate cellular communication are differentially expressed
when comparing oocytes from PND 16 large and PND 40
cohorts even though oocytes from both populations of mice are
meiotically competent. This highlights the potential mechanism
of quality difference between gametes obtained during the
pubertal transition and from adults.

Communication between the oocyte and cumulus-granulosa
cells is pivotal for oocyte growth, metabolism, and maintenance
of meiotic arrest (Ackert et al, 2001; Eppig et al, 2005;
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Sugiura et al.,, 2005; Su et al.,, 2008; Kidder and Vanderhyden,
2010; Wigglesworth et al., 2013; Dumesic et al., 2015; El-
Hayek and Clarke, 2015; El-Hayek et al, 2018). Despite
having comparably high meiotic maturation rate, oocytes with
thicker cumulus cell layers appear to have higher blastocyst
development rate in mice (Zhou et al., 2014). We also noted
that the ZP was thinner in younger mice and increased
throughout the pubertal transition. The ZP is important for
mediating bi-directional communication between the oocyte
and its surrounding granulosa cells via transzonal projections
(TZPs) and associated gap junctions. The increase in zona
thickness and increased expression of cellular communication
genes that occurs coincidently with animal age across the pubertal
transition underscores the potential important role of transzonal
projections (TZPs) in determining gamete quality during this
period. Thus, impaired bidirectional communication between the
oocyte and granulosa cells may be shared mechanisms of reduced
gamete quality at both ends of the aging spectrum, since TZP
number and function is decreased in reproductively old mice
(El-Hayek et al., 2018).

In summary, our work demonstrates that the pubertal
transition in female mice is associated with suboptimal gamete
quality. In juvenescence, insufficiently activated growth pathways
or cellular communication with surrounding somatic cells
appear to be the predominant mechanisms responsible for
poor gamete quality. This is in contrast to reproductively old
mice where advanced age is associated with perturbation of
degradation of mRNAs and altered expression of genes important
in spindle formation, kinetochore-microtubule attachment, and
chromosome segregation (Pan et al., 2008). Our findings have
important translational implications. For example, age and/or
weight of the pediatric patient undergoing fertility preservation
may have prognostic value for future reproduction that may
help clinicians better counsel patients and develop appropriate
treatment plans. In addition, the non-invasive assessment of
meiotic spindles using the PolScope (Moon et al., 2003; Konc
et al, 2004; Rama Raju et al, 2007) may aid in selection
through distinguishing morphologically mature eggs with polar
bodies that have cell cycle abnormalities (i.e., telophase I). We
can also use our results to improve clinical IVM strategies.
C-type natriuretic peptide (CNP) pretreatment of immature
oocytes from PCOS patients before IVM was previously shown
to improve maturation rates and embryo development (Sanchez
etal., 2019). CNP maintains the oocytes in a protracted period of
meiotic arrest via activation of the NPR2 receptor (Gilchrist et al.,
2016; Sugimura et al., 2018) and likely improves cytoplasmic
maturation by allowing more time for the accumulation of factors
necessary to support meiosis and early embryo development.
However, stimulation of growth pathways in addition to the
maintenance of meiotic arrest may be necessary to further
improve IVM outcomes, and this can be combined with the
development of oocyte diameter thresholds to assess meiotic
competency. Moreover, the elucidation of molecular mechanisms
regulating the switch from oocyte growth to the acquisition of
meiotic competence and investigating whether there is an active
mechanism of suppression of these growth pathways will provide
important clues for our understanding of oocyte maturation.

MATERIALS AND METHODS

Animals

Reproductively adult CD-1 male and female mice were obtained
from Envigo (Indianapolis, IN) and used to establish an in-
house breeding colony. Mice were maintained in a temperature-,
humidity-, and light- (14 h light:10 h darkness) controlled barrier
facility within Northwestern University’s Center of Comparative
Medicine. Mice were provided with food and water ad libitum.
Diet formulated to exclude soybean meal, which minimizes the
presence of isoflavones, the primary type of phytoestrogen was
used (Teklad Global irradiated 2916 chow: Envigo, Madison, WI).
CD-1 female pups in the following aged cohorts that spanned
the pubertal transition were obtained from the breeding colony:
postnatal day (PND) 11-15, 16-20, 21-25, 26-30, 31-35, and
36-40. A total of 58 mice were used in this study, with between
7 and 15 mice used in each age cohort. Prior to euthanasia,
mice were weighed, and the pubertal status of each animal was
verified by visual analysis of the vaginal opening as described
previously (McLean et al., 2012). All experiments were performed
in accordance with the National Institutes of Health Guidelines
for Care and Use of Laboratory Animals and under protocols
approved by the Northwestern University Institutional Animal
Care and Use Committee (IACUC).

Hormone Assays

Serum estradiol (E2) and inhibin B levels were assessed by the
University of Virginias Center for Research in Reproduction—
Ligand Assay and Analysis Core. All blood samples were
drawn from the inferior vena cava, clotted, and centrifuged.
Serum was stored at —80°C until hormone analyses. Estradiol
concentrations were determined using Mouse/Rat Estradiol
ELISA kit (Calbiotech, El Cajon, CA), and the intraassay
coeflicient of variation (CV) was 6.8% and the interassay CV
was 8.9%. Inhibin B concentrations were determined using an
Inhibin B (ELISA) kit (AnschLabs, Webster, TX). The intraassay
CV was 4.8%, and the interassay CV was 6.7%. Samples and
standards for each gonadal hormone assay were run in duplicate.
Blood was taken from between 3 and 5 mice in each age cohort.
Samples were run for individual animals except in the PND 11-
15 cohort where one pooled sample from 5 mice was run due to
insufficient volume of blood that can be collected from animals at
these young ages.

Oocyte Collection and Imaging

Ovaries were harvested from unstimulated mice (no exposure
to gonadotropins) to mimic ex vivo IVM in the fertility
preservation setting. Cumulus oocyte complexes (COCs) were
isolated from the ovaries by poking antral follicles using 25-gauge
needles. Collection media was Leibovitz’s L-15 medium (Life
Technologies, Grand Island, NY, United States) supplemented
with 3 mg/ml polyvinylpyrrolidone (PVP) (Sigma-Aldrich Co.,
St. Louis, MO, United States) and 0.3% penicillin-streptomycin
(PS) (Life Technologies, Grand Island, NY, United States). Ten
micrometer milrinone was also added to the media to prevent
spontaneous meiotic resumption which is an oocyte-specific
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specific phosphodiesterase 3 inhibitor that maintains meiotic
arrest by inhibiting cAMP degradation (Jensen et al., 2002).
Cumulus cells were mechanically removed from the oocytes
by gentle pipetting, and denuded oocytes containing intact
germinal vesicles (GV) were transferred into media consisting
of a-MEM Glutamax (MEM) (Life Technologies, Grand Island,
NY, United States) supplemented with 3 mg/ml Bovine Serum
Albumin (BSA), 0.5% PS (MEM/BSA/PS), and 10 uM milrinone
for short-term culture in a humidified atmosphere of 5% CO; in
air at 37°C. Oocytes were imaged by brightfield microscopy using
a 20x objective on an EVOS FL Auto live imaging microscope
system (Life Technologies, Grand Island, NY, United States).
Average oocyte diameter measurements were made using the
EVOS FL Auto based on two perpendicular measurements from
plasma membrane to plasma membrane of each oocyte. The
thickness of the zona pellucida was also measured on images
taken on the EVOS FL Auto.

In vitro Maturation and Scoring of
Meiotic Progression

To initiate synchronous and spontaneous meiotic resumption,
oocytes were rinsed through large droplets of L15/PVP/PS to
remove milrinone and placed in 1 ml of MEM/BSA/PS. Oocytes
were in vitro matured for 14-16 h in a humidified atmosphere of
5% CO; in air at 37°C. Following IVM, oocytes were evaluated
by brightfield microscopy, and their meiotic stage was assessed
using established morphological criteria (Treft et al., 2016). In
brief, oocytes with a visible nucleus were arrested at prophase
of meiosis I in the germinal vesicle (GV)-intact stage. Oocytes
without a nucleus or a polar body were considered to have
undergone germinal vesicle breakdown (GVBD) or were at
metaphase of meiosis I (MI). If polar bodies were visible in
the perivitelline space, the oocytes were considered arrested
at metaphase of meiosis II (MII). Fragmented, shrunken, or
misshapen oocytes were classified as degenerate (D).

Immunofluorescence, Confocal

Microscopy, and Spindle Assessment

To assess spindle morphology, oocytes were fixed in 3.8%
paraformaldehyde (Electron Microscopy Science Hatfield, PA)
in phosphate buffered saline (PBS) containing 0.1% Triton-X-
100 for 1 h at 37°C. After washing three times in blocking
buffer containing phosphate buffered saline (PBS) containing
0.3% albumin (BSA), 0.01% Tween-20, and 0.02% sodium azide
(NaN3), oocytes were then permeabilized in PBS containing
0.3% BSA, 0.1% Triton-X-100, and 0.02% NaN3 for 15 min
at room temperature. Samples were then washed twice in
blocking buffer and microtubules were stained with an alpha
tubulin 488-conjugated anti-rabbit primary antibody (11H10;
Cell Signaling Technology, Danvers, MA) (1:100 dilution) for
2 h at room temperature. Oocytes were rinsed three times
in blocking buffer and then mounted on glass slides in
Vectashield containing 4’,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories, Burlingame, CA). Oocytes were imaged
on a Leica SP5 inverted laser scanning confocal microscope
(Leica Microsystems) using a 63X objective and the 405 and
488 nm lasers. For each oocyte, 0.5 pm optical thick sections

were taken through the region of the spindle, and stacks
or maximum projections were analyzed. Spindle length was
measured from pole-to-pole based on tubulin fluorescence using
Image J software (National Institutes of Health, Bethesda, MD).
Spindles that were oriented perpendicular to the image plane
were excluded from the analysis. Chromosome configuration
was analyzed and categorized as follows: normal (no misaligned
chromosomes), 1 misaligned chromosome on the metaphase
plate, >1 misaligned chromosome on the metaphase plate, and
other. The other category included cells that were at the incorrect
cell cycle stage such as anaphase or telophase.

Histological Analysis

Ovaries were harvested from mice across age cohorts, and
the bursa and excess fat were removed. Ovaries were fixed
in Modified Davidson’s fixative, a combination of 14% ethyl
alcohol, 37.5% formalin, 37-39% glacial acetic acid in deionized
water (Electron Microscopy Sciences, Hatfield, PA). Ovaries
were fixed at room temperature for 6 h with gentle agitation
and then transferred to 4°C overnight (~15 h). Samples were
washed and stored in 70% ethanol. Each ovary was processed
and dehydrated using an automated tissue processor (Leica
Biosystems, Buffalo Grove, IL) and embedded in paraffin wax
(Leica EG1160, Leica Biosystems). Ovaries were serial sectioned
at a 5 pm thickness, and every fifth section of a ribbon
was placed on a separate slide designated for Hematoxylin
and Eosin (H&E) staining. Slides were H&E stained using the
AutostainerXL (Leica Biosystems) and then imaged using the
EVOS FLUO Auto microscope. All sections were examined.
Average follicle and corresponding diameter measurements were
made within histological images using the EVOS FL Auto
software. Only follicles with an oocyte nucleus visible in the
center were used for measurements as this represented the
mid-point of the follicle. Follicle measurements were based on
two perpendicular measurements from basement membrane-to-
basement membrane, and oocyte measurements were based off
of two perpendicular measurements from plasma membrane-
to-plasma membrane. The number of cumulus cell layers
surrounding each oocyte in antral follicles were also counted.

RNASeq in Oocytes

Oocytes were collected from four cohorts of mice: PND 13, PND
16 small (mice < 9 g), PND 16 large (mice > 9 g), and PND 40
mice. For each cohort, pooled oocytes were snap frozen in three
replicates. Each replicate had 18-45 oocytes. RNA was isolated
using RNeasy Plus mini kit (Qiagen, Germany, 74134). cDNA
synthesis was performed using NEB Next Ultra II directional
RNA library prep kit (New England Biolabs, Ipswich, MA,
E7760S) after rRNA depletion (NEB Next rRNA depletion Kkit,
E6310S) for Illumina next generation sequencing (HiSeq-50 bp).
Data were analyzed by Rosalind', with a Hyper Scale architecture
developed by OnRamp Biolnformatics, Inc. (San Diego, CA).
Additional gene enrichment is available from the following
partner institutions: Advaita’.

'https://rosalind.onramp.bio/
Zhttp://www.advaitabio.com/ipathwayguide
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Statistical Analysis

Statistical analysis was performed using GraphPad Prism
software (version 9.0.1 for Mac, GraphPad Software, San Diego,
California United States). Categorical and numerical variables
were analyzed using one-way ANOVA, Kruskal-Wallis, ¢-test,
chi-square, Fisher’s exact or Spearmen correlation tests where
relevant following normality tests where necessary. P < 0.05
was considered statistically significant. Tukey test was used for
multiple comparisons following one-way ANOVA.
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In vitro maturation of oocytes from antral follicles seen during tissue harvesting is a fertility
preservation technique with potential advantages over ovarian tissue cryopreservation
(OTC), as mature frozen and later thawed oocyte used for fertilization poses decreased
risk of malignant cells re-seeding, as compared to ovarian tissue implantation. We
previously demonstrated that in vitro maturation (IVM) performed following OTC in
fertility preservation patients, even in pre-menarche girls, yields a fair amount of oocytes
available for IVM and freezing for future use. We conducted a retrospective cohort
study, evaluating IVM outcomes in chemotherapy naive patients referred for fertility
preservation by OTC that had oocyte collected from the medium with attempted VM.
A total of 133 chemotherapy naive patients aged 1-35 years were included in the study.
The primary outcome was IVM rate in the different age groups — pre-menarche (1-5
and >6 years), post-menarche (menarche-17 years), young adults (18-24 years) and
adults (25-29 and 30-35 years). We demonstrate a gradual increase in mean VM rate
in the age groups from 1 to 25 years [4.6% (1-5 years), 23.8% (6 years to menarche),
and 28.4% (menarche to 17 years)], with a peak of 38.3% in the 18-24 years group,
followed by a decrease in the 25-29 years group (19.3%), down to a very low IVM rate
(8.9%) in the 30-35 years group. A significant difference in VM rates was noted between
the age extremes — the very young (1-5 years) and the oldest (30-35 years) groups,
as compared with the 18-24-year group (o < 0.001). Importantly, number of oocytes
matured, percent of patients with matured oocytes, and overall maturation rate differed
significantly (o < 0.001). Our finding of extremely low success rates in those very young
(under 6 years) and older (>30 years) patients suggests that oocytes retrieved during
OTC prior to chemotherapy have an optimal window of age that shows higher success
rates, suggesting that oocytes may have an inherent tendency toward better maturation
in those age groups.

Keywords: in vitro maturation, ovarian tissue cryopreservation, fertility preservation, women age, oocyte
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INTRODUCTION

Cryopreservation of ovarian cortical tissue followed by auto-
transplantation has emerged as a promising fertility preservation
option (Feigin et al., 2007). Immature oocytes, usually in the
germinal vesicle (GV) stage can be found during ovarian tissue
handling (Revel et al, 2009; Gruhn et al, 2018) and the
ability for maturation in vitro and cryopreservation as mature
oocytes, provides an additional option for fertility preservation
(Chian et al., 2013).

In vitro maturation (IVM) of oocytes from antral follicles seen
during tissue harvesting is a fertility preservation technique with
potential advantages over ovarian tissue cryopreservation (OTC).
Although not well established, IVM is believed to be feasible even
in the pediatric age group. A mature frozen and later thawed
oocyte used for fertilization might serve as a safer option than
re-implantation of ovarian cortex tissue, posing decreased risk
of malignant cells re-seeding. In our previously published work,
we demonstrated that IVM performed following OTC in fertility
preservation patients, even in pre-menarche girls, yields a fair
amount of oocytes available for IVM and freezing for future use.
However, in the very young age group (under 6 years) there are
substantially decreased maturation rates, making this procedure
invaluable in this age group (Karavani et al., 2019).

The human age-specific fertility rate follows an inverted u
shape curve: beginning to rise with puberty (usually marked by
the occurrence of menarche), reaching a peak around the age of
30 years, followed by a decline, beginning around the age of 35
toward significant low maturity and fertility rate in the early 40s
and later (Hawkes and Smith, 2010). A similar trend was observed
for euploid oocyte rate across reproductive lifespan with a peak
of euploid oocyte rate around the age of 25 (Gruhn et al., 2019).
However, the rate of oocyte maturation capability as related to age
has yet to be analyzed. Of important note is the fact that oocyte
maturation capability is not necessarily linked to aneuploidy, and
aneuploid oocytes can still mature.

As resources are limited and patients and their families
are often required to fund the fertility preservation process,
it is of need to optimize and personalize consultation
regarding the success rate of IVM attempt in oocytes retrieved
during OTC, especially considering the fact that an ovarian
tissue with potential future use has already been preserved
during the process.

Herein, we aimed to study the human age-specific oocytes
maturation ability in naive human oocytes collected from media
of ovarian cortex pieces during fertility preservation procedures
in order to define the age groups in which IVM should be
attempted following OTC.

MATERIALS AND METHODS
Study Population

Our study cohort consisted of female patients aged 1-35 years,
referred to our fertility preservation clinic between 2003 and
2020. Patients for whom data regarding cancer diagnosis,
chemotherapy, and OTC related data was available were included

in the study. While those chemotherapy and radiotherapy
exposed patients, and patients for which oocytes were not
found in the medium following OTC (and therefore IVM was
not performed) were excluded. Counseling regarding fertility
preservation was done in a multidisciplinary consultation that
included an oncologist, pediatric hematologist and reproductive
specialist, as well as a coordinating nurse and social worker.
Female patients under 18 years of age were consulted with
parental presence. After obtaining informed consent, patients
who decided to freeze ovarian tissue underwent partial/complete
laparoscopic oophorectomy. In our country, OTC is reimbursed
by the national health insurance and therefore does not require
out of pocket coverage. The primary outcome were the overall
and mean IVM rates in each age group.

Data Collection

Data was collected from patients’ electronic medical records
and from the IVF laboratory database. Parameters retrieved
included: demographic and clinical data; cancer diagnosis; age
at diagnosis; treatment with chemotherapy and its timing with
regard to OTC; OTC procedure related information (partial or
complete oophorectomy) and IVF laboratory data - including
OTC (number of ovarian tissue ampules cryopreserved); oocytes
retrieval and the IVM process and outcomes with emphasis
given to the assessment of number of matured oocytes following
IVM, overall and per patient IVM rate according to age
groups and percent of patient with at least one matured
oocyte following IVM.

Ovarian Tissue Cryopreservation
Procedure

The OTC procedure done in our center includes the removal
of the entire (complete oophorectomy) or most of the ovary
(partial oophorectomy) in a laparoscopic procedure. The tissue
is then placed on ice in Leibovitz L-15 medium (GIBCO-BRL,
Paisley, United Kingdom) and transferred immediately to the
adjacent IVF laboratory for tissue examination and processing.
In some cases, predominantly younger patients, insertion of a
venous access device (port-a-cath) or bone-marrow aspiration
is performed following the oophorectomy. In the case of
normal post-operative course, discharge is customarily 24 h
post procedure. Freezing of ovarian tissue has previously been
described in the literature (Meirow et al., 1999) and performed
in a similar fashion in our medical center. Briefly, ovarian
cortex is carefully separated from the medulla in a specific
media using sterile scissors. The tissue is then cut into 5-
mm? stripes, that are transferred to pre-cooled freezing medium
containing 1.5 M dimethyl sulfoxide (DMSO) and 0.1 M sucrose.
Each fragment is then placed in a 2 ml cryovial containing
a cryoprotectant medium (sucrose, ethylene glycol, and serum
substitute supplement) and processed using a slow freezing
protocol in a programmable freezing machine (Kryo 360, Planer,
United Kingdom). The frozen vials, each containing five cortex
slices, are then stored in liquid nitrogen.
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Cumulus Oocyte Complexes Collection
From the Media and Cortex

Following the cortex dissection and cryopreservation, the
remaining medium is scanned for the presence of follicles
and oocytes prior to disposal. Additionally, aspiration of antral
follicles observed on the ovarian surface is performed under
a dissecting microscope using a 1-mL syringe and a 19-gage
needle prior to cryopreservation. Follicles found in the media
and aspirated follicles are flushed with HEPES-buffered human
tubal fluid (HTF) medium (Irvine Scientific, Santa Ana, CA,
United States) containing 10% synthetic serum supplement (SSS;
Irvine Scientific). All cumulus oocyte complexes collected are
incubated in P1 medium (Irvine Scientific) supplemented with
10% SSS, at 37°C in 90% N3, 5% CO3, and 5% O;.

In vitro Maturation

The IVM technique in our medical center has been previously
reported (Karavani et al., 2019) and will be briefly described.
IVM was performed on GV oocytes using Sage medium (Al-
rad medical, Nes Ziona, Israel) supplemented with 0.075 ITU/mL
luteinizing hormone (LH) and 0.075 IU/mL follicle stimulating
hormone (FSH) overnight. SAGE IVM culture media was used
for the incubation of Cumulus-oocyte complexes, and 24-h
later denudation of oocytes was performed. Additional 24 h
incubation with fresh SAGE IVM culture media was applied for
those oocytes which did not reach maturity. Finally, Matured MII
oocytes were vitrified using Sage protocol.

Study Age Groups
Patients included in the study (1-35 years) were divided into six
groups, according to age at OTC. The pre-menarche patients were
allocated to one of two groups — those under 6 years and those
6 years or older, as previous studies (Karavani et al., 2019; Fouks
et al., 2020) found differences in IVM efficacy between these
age groups. Post-menarche patients were divided into groups
using 5-year intervals. Hence, the six age groups for this study
were: (1) 1-5 years; (2) 6 years to menarche; (3) menarche to
17 years; (4) 18-24 years; (5) 25-29 years; (6) 30-35 years. The
OTC and IVM outcomes were compared between each group.
Additionally, statistical analysis was performed on the entire
study cohort to evaluate possible parameters associated with the
number of oocytes matured and the mean IVM rate per patient.
The Institutional ethical review board approval was received
for this study (IRB 0288-16-HMO) by the Human Research
Ethics Committees of the Hadassah Hebrew University Medical
Center, Jerusalem, Israel.

Statistical Analysis

Patient characteristics were described as proportions for
categorical variables and the significance between groups was
tested using the Fisher’s exact test. For quantitative variables
[presented as mean =+ standard deviation (SD)], the comparison
between independent variables of the six study groups was
performed using the Kruskall-Wallis test. Comparison between
paired groups for significant difference in the IVM rate
parameter was done using the Tukeys Studentized Range

(HSD) test. Association of the patients’ age and the in vitro
maturation rate was tested using the Pearson correlation
coefficient (“r”) for the 1-17 years and the 18-35 years age
groups separately.

The ANCOVA analyses were applied to assess the effect of
several parameters on the continuous dependent variables of
mean IVM rate and number of oocytes matured using IVM. All
tests applied were two-tailed, with a p-value of <0.05 considered
statistically significant. SAS Version 9.4 (SAS Institute, Cary, NC,

United States) software was used for statistical analysis.

RESULTS
Study Population

A total of 202 patients were referred for fertility preservation by
OTC in our fertility preservation unit, with planned attempted
IVM process in cases of oocytes retrieved from the medium or the
ovarian tissue. Following OTC, oocytes were retrieved and IVM
was performed for 170 of 202 patients (87.0%), for which oocytes
were available following retrieval from the medium. Thirty-
seven patients received chemotherapy prior to OTC (21.8%) and
were subsequently excluded, with a total of 133 patients (78.2%)
being eligible and included in the final analysis. Age range was
between 1 and 35 years, with a mean age of 17.15 &+ 7.8 years
[median 17 (IQR 10.5) years]. The most common indication for
fertility preservation was diagnosis of hematologic conditions
(34.6%), followed by sarcoma (30.8%), carcinoma and other
solid tumors (24.1%), and non-oncological conditions (10.5%)
(genetic, autoimmune, etc.). The mean age of menarche was
12.9 years. Oocytes were successfully matured in 68.4% (91/133)
of patients, with an overall IVM rate for the entire study cohort
being 25.0% (342/1370).

Comparison of OTC Indication and Data

According to Age Groups

The types of diagnoses leading to OTC in the patients included
in the study are presented in Table 1. Solid tumors and sarcomas
were the common cause for fertility preservation in the younger
age group, prior to menarche (65%). This trend changes toward
sarcomas and hematologic cancers from the age of menarche
through 25 years of age (79.4%). Hematologic cancers are still
common until the age of 30 (50%), but decline thereafter leaving
solid tumors, mainly breast cancer, as the leading cause of fertility
preservation in the over 30 years age group.

Throughout all age groups, nearly seventy percent of the
patients underwent total unilateral oophorectomy, with different
rates of partial oophorectomy (p = 0.002), the lowest being in the
age extremes [1-5 years (23.1%) and 25-35 years (4%)].

OTC Results and IVM Outcomes in the
Different Age Groups

Ovarian tissue cryopreservation procedure results in each age
group are presented in Table 2. The number of ampules with
ovarian cortex tissue preserved per patient differed significantly
with age (p < 0.001), showing an increased number of ampules
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TABLE 1 | Comparison of basic characteristics of the study population according to age groups (n = 133).

1-5 years 6 years-menarche Menarche-17 years 18-24 years 25-29 years 30-35 years p-value
(n=13) (n=27) (n =35) (n=33) (n=14) (n=11)
Age (years) 42+14 103+ 1.6 165+ 14 204 +£2.0 269 +1.2 325+1.8
Type of malignancy <0.052
Hematologic 0 7 (25.9%) 15 (42.9%) 15 (45.5%) 7 (50.0%) 2(18.2%)
Solid/carcinoma 7 (53.8%) 4 (14.8%) 6 (17.1%) 4 (12.1%) 4 (28.6%) 7 (63.6%)
Sarcoma 3 (23.1%) 12 (44.4%) 13 (37.1%) 11(33.3%) 1(7.1%) 1(9.1%)
Vascular/neurologic/other 3 (23.1%) 4 (14.8%) 1(2.9%) 3(9.1%) 2 (14.3%) 1(9.1%)
Partial oophorectomy 3(23.1%) 15 (55.6%) 13 (37.1%) 8 (24.2%) 1(7.1%)P oP 0.002
Data are given as mean + SD, n (%) or n/N (%).
aTukey’s Studentized Range test showed a significant difference only between the 1-5 years and the menarche-17 years groups.
bTukey’s Studentized Range test showed a significant difference when compared to the 6 years-menarche group.
TABLE 2 | Comparison of ovarian tissue cryopreservation and in vitro maturation results according to age groups (n = 133).
1-5 years 6 years-menarche  Menarche-17 years 18-24 years 25-29 years 30-35years p-value
(n=13) (n=27) (n =35) (n=33) (n=14) (n=11)
No. of ampules preserved® 8.2+ 1.9° 10.4 4+ 2.6° 129+26 142+ 3.0 140+28 123+ 34 <0.001
No. of oocytes retrieved per patient 9.0+£7.0 11.2+6.2 11.4+£85 10574 99+ 11.7 6.0+ 6.4 0.073
No. of oocytes matured per patient 0.4 +0.79¢ 244+24 3.4+33 3.6 +£3.3 2.1+35 0.5+ 0.99 <0.001
No. of patients with matured oocytes 4 (30.8%)° 20 (74.1%) 30 (85.7%) 26 (78.8%) 7 (560.0%) 4 (33.3%) <0.001
Maturation rate per patient (%) 4.6 4+ 0.19 23.8+222 284 +215 38.3 +26.8 19.3 £ 19.3 8.9 + 12.39 <0.001
Overall maturation rate 5/117 (4.3%)' 65/302 (21.5%) 118/398 (29.7%) 118/348 (32.9%) 30/139 (21.6%) 6/66 (9.1%)¢ <0.001

Data are given as mean + SD, n (%) or n/N (%).

@Reflecting tissue volume. Each ampule contains 10 slivers of ovarian tissue for grafting.

bTukey’s Studentized Range test showed a significant difference (p < 0.001) when compared to the menarche — 35 years age groups.

®Tukey's Studentized Range test showed a significant difference (p < 0.001) when compared to the menarche — 29 years age groups.

9Tukey’s Studentized Range test showed a significant difference (p < 0.001) when compared to the 18-24 years group.

eTukey’s Studentized Range test showed a significant difference (p < 0.001) when compared to the menarche-17 years group.

"Tukey’s Studentized Range test showed a significant difference (p < 0.001) when compared to the 6-29 years age groups.

9Tukey’s Studentized Range test showed a significant difference (p < 0.001) when compared to the menarche-17 and 18-24 years age groups.

preserved at advanced patient age, with a significantly lower yield
of cortical stripes in the very young (under the age of 6) age
group. Interestingly, the number of oocytes found per patient
during the procedure is similar throughout all the different age
groups (p = 0.073). However, the similar oocytes harvest was
not reflected in the total number of oocytes eventually matured
and frozen. The oocytes from the youngest age group (1-5 years)
demonstrated a low maturation rate, with the mean number of
oocytes matured in patients under the age of 6 being only 0.4 with
and an overall IVM rate of only 4.6%. The number of mature
oocytes and total IVM rate increased with patient age, reaching
its peak in the 18-24 age group (3.6 oocytes matured and 38.1%
IVM rate). This peak was followed by an abrupt decrease in
mean IVM rates in the 25-29 years group (19.3%), down to an
extremely low mean IVM rate of 8.9% in the 30-35 years group
(Table 2 and Figure 1). In a paired group analysis, corrected to
multiple comparisons [Tukey’s Studentized Range (HSD) test],
a significant difference in IVM rates was noted between the
age extremes — the very young (1-5 years) and the oldest (30-
35 years) groups as compared with the 18-24 years (p < 0.001).
Number of oocytes matured, percent of patients with at least
one matured oocyte and the overall maturation rate showed
a similar pattern with a significant difference between the age
groups (p < 0.001 for all three parameters) (Table 2).

Figures 2A-C presents a cross-sectional association of patient
age with the number of oocytes retrieved, matured, and in vitro
maturation rates. The number of oocytes retrieved showed no
significant trend with age (Figure 2A), a result consistent with
the data presented in Table 2. Quadric fit was calculated for
the number of mature oocytes retrieved from each patient,
presenting negative orientation, with peak at the age of 18.5
(Figure 2B). The same process was applied to maturation rates,
with the percent of mature oocytes retrieved from total oocytes
pool per patient. The quadric equation presented negative
orientation for the maturation rates as well, with a peak
detected at the age of 18 (Figure 2C). To further asses the
presence of the increase and subsequent decline of maturation
potential, linear correlation between age and number of mature
oocytes retrieved and IVM rate was performed for patients
aged 1-17 years and aged 18-35 years separately (according
to the trend demonstrated throughout the age groups). This
analysis showed a significant positive linear correlation between
patients aged 1-17 years for both parameters - (r = 0.36
and r = 0.31, p = 0.017 and p = 0.006; respectively), while
demonstrating an inverse, negative correlation between age
and number of mature oocytes in older patients - the 18-
35 year group (r = —0.33 and r = —0.38, p = 0.012 and,
p = 0.004; respectively).
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In-vitro maturation rates in the different age groups
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FIGURE 1 | Patient in vitro maturation rate following ovarian tissue cryopreservation according to six age groups — (1) 1-5 years; (2) 6 years to menarche; (3)
menarche to 17 years; (4) 18-24 years; (5) 25-29 years; and (6) 30-35 years. ***p < 0.001 when compared to the 18-24 years age group. *#p < 0.001 when

compared to the 1-5 years age group.

Performing ANCOVA analyses, we did not find that type
of malignancy, type of oophorectomy (partial/complete), age at
diagnosis (as a continuous parameter) or number of oocytes
retrieved to be significantly associated with the IVM rate.

DISCUSSION

This study aimed to evaluate the efficacy of in vitro maturation
following OTC in a large cohort of patients of different ages from
infancy to adulthood. The main outcome was the average IVM
rate and the overall IVM rate according to age at OTC, using 5-
year intervals and consideration of menarche status.

Our results show that while the number of oocytes retrieved
during OTC without any prior external gonadotropin priming is
similar in the different age groups, the ability to mature these
oocytes in vitro, is related to patient age. We found that the
optimal age for maximal IVM efficacy - represented by the
highest IVM rates - is between menarche to 25 years (29-38%
maturation rate), while young pre-menarche girls (under 6 years)
and women 30 years or older achieve extremely low (<10%) IVM
rates This trend was also seen in other parameters, such as the
number of matured oocytes, percent of patients with matured
oocytes and the overall maturation rate within each age group.

Interestingly, our findings suggest that the potential of
immature oocytes to mature in vitro continuously improves
during childhood, even prior to menarche. Later in life, the
loss of in vitro maturation potential begins as early the as the
mid-twenties with a sharp decline during the first half of the
4th decade of life. These findings imply that ovarian aging
as expressed by the ability to mature unstimulated oocytes
starts earlier than we know from our clinical results in the

IVF settings, whereas pregnancies and live birth rates tend to
dramatically drop along the fifth decade of life (Broekmans et al.,
2007). These maturation defects can stem from many different
biological pathways and processes, which may include: a change
in maturation-related ovarian processes that are altered with age
(Mara et al., 2020); changes in the composition and behavior of
the ovarian tissue with age (Amargant et al., 2020); epigenetic
changes that occur in oocytes with age (Wasserzug-Pash and
Klutstein, 2019; Wasserzug-Pash et al,, 2020) and enhanced
ROS (Di Emidio et al.,, 2014; Babayev et al., 2016) and DNA
damage (Marangos et al., 2015; Wasserzug-Pash and Klutstein,
2019) in older oocytes. The results shown here emphasize
that aged oocytes begin to deteriorate even before the onset
of significant aneuploidy, as demonstrated in mouse oocytes
(Merriman et al., 2012).

These results also show that young oocytes have a reduced
maturation capacity before the onset of menarche. The
improvement of oocyte maturation and quality in the younger
age groups may also stem from several possible mechanisms.
Although the specific reasons for this phenomenon are
unknown, such mechanisms may include epigenetic changes
occurring in oocytes with age (Wasserzug-Pash and Klutstein,
2019), and differential gene expression with age (Reyes et al,
2017). These finding may also imply that handling and
culturing of oocytes from infants and older women should
be managed through a different IVM technique and not
the standard, widely used laboratory IVM protocol, with
consideration of the different physiology and mechanisms
involved in oocyte maturation in these age groups. It
should be mentioned that the properties and behavior of
oocytes in very young ages are an under-studied subject that
merits more attention.
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FIGURE 2 | (A-C) Oocyte retrieval following ovarian tissue cryopreservation and in vitro maturation outcomes according to patient age (1-35 years). (A) Number of
oocytes retrieved following ovarian tissue cryopreservation according to patient age. Linear regression trend is observed in red. (B) Number of oocytes matured by
in vitro maturation according to patient age. Quadric fit line presented in red, with confidence interval of 95% (dotted lines). (C) Average rate of mature oocytes/total
oocytes retrieved (in vitro maturation rate) per patient according to age. Quadric fit line presented in red, with confidence interval of 95% (dotted lines).
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Previous studies evaluating the effect of patient age on
oocyte maturation and fertilization ability had demonstrated that
natural fertility in humans follows an inverse U-curve, where
young females (>13 to early 20s) and women of advancing
maternal age (mid-30s and above) show reduced rates of
pregnancy and live births (Hawkes and Smith, 2010; Fouks et al.,
2020). This inverted U phenomena was recently attributed to
chromosome segregation in human oocytes causing increased
rates of oocyte aneuploidy in both ends of the fertility life span.
The authors suggested that chromosome-based mechanisms in
oocytes determines the curve of natural fertility in humans, and
that the reasons for aneuploidy differ between young and old
oocytes (7). While our findings agree with the presence of an
inverted U-curve in human fertility, in our fertility preservation
patients the peak of the curve is shifted to the left, toward the
younger age where naive oocytes have the ability for IVM. In our
study, we found a peak of maturation is achieved around the 18-
24-year age group, as compared to a peak age of 28 for euploid
oocytes as demonstrated by Gruhn et al. (2019). These clinical
findings may imply that other factors aside from chromosome
number influences natural fertility span as suggested above.

This study has several limitations, the main being its
retrospective design. Moreover, data regarding ovarian reserve
evaluation was not available for most of the patients, due to
our pre-op OTC procedures protocol. Up to date, none of
our patients have used their frozen in vitro matured oocytes,
and as such, further implications of age on in vitro matured

oocytes quality and implantation potential have yet to be
evaluated. As far as we know, this study is the largest cohort
that evaluated patients that underwent IVM in the context of
fertility preservation.

The strengths of this study include the cohort’s wide age
range (1-35 years), enabling us to compare IVM efficacy in a
single center according to different age groups. Patients were
not exposed to any external gonadotropins prior to searching
and handling the oocytes, thereby enabling us to study the
unperturbed IVM rate of oocytes for each patient naturally. In
addition, all oocytes were evaluated and treated in the same center
using a single IVM protocol, performed by the same trained staff
of embryologists, thereby minimizing the laboratory technique
effect on the general results.

CONCLUSION

To conclude, the ability to mature in vitro oocytes retrieved
during OTC is associated with patient age. The optimal IVM
efficacy is prior to menarche until 25 years of age. Young pre-
menarche girls and women over age 30 demonstrated extremely
low (<10%) IVM success rates. IVM of oocyte retrieved from
patients in these age groups should be considered carefully,
with regard to its potential efficacy and possible alternative
laboratory approach should be investigated. Our results show
that oocyte maturation has an optimal age window in which the
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success rate is much higher-demonstrating higher competence of
oocytes in this window.
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Germline Stem and Progenitor Cell
Aging in C. elegans

Theadora Tolkin and E. Jane Albert Hubbard*

Department of Cell Biology, Skirball Institute of Biomolecular Medicine, NYU Grossman School of Medicine, New York, NY,
United States

Like many animals and humans, reproduction in the nematode C. elegans declines with
age. This decline is the cumulative result of age-related changes in several steps of
germline function, many of which are highly accessible for experimental investigation in
this short-lived model organism. Here we review recent work showing that a very early
and major contributing step to reproductive decline is the depletion of the germline stem
and progenitor cell pool. Since many cellular and molecular aspects of stem cell biology
and aging are conserved across animals, understanding mechanisms of age-related
decline of germline stem and progenitor cells in C. elegans has broad implications for
aging stem cells, germline stem cells, and reproductive aging.

Keywords: reproductive aging, germline flux, stem cell aging, insulin/IGF-like signal transduction pathway, Notch
pathway

INTRODUCTION

C. elegans is a well-established model for germline development and for aging. Several interesting
related areas of study include how the C. elegans germ line regulates longevity (see Antebi, 2012, for
review) and how reproductive cessation may relate to population success in the wild (see Hughes
et al., 2007; Galimov and Gems, 2021). These will not be discussed here. Instead, we focus on the
comparatively young field investigating how the C. elegans germ line itself ages.

In typical laboratory growth conditions, C. elegans hermaphrodites cease reproducing long
before they die, roughly mid-way through their average 2-3 week lifespan; the average times for
reproductive cessation and lifespan both depend on whether the hermaphrodites have mated
(Hughes et al., 2007; Pickett et al., 2013). Among several age-related changes in the germ line, the
loss of germline stem and progenitor cells is emerging as a key driver of reproductive cessation,
as detailed below.

Several important aspects of C. elegans reproductive biology shape how reproductive aging, also
referred to as reproductive senescence, is studied in this system. Therefore, prior to discussing the
recent literature pertaining to the aging stem and progenitor pool, we briefly introduce the adult
hermaphrodite reproductive system, Notch-mediated signaling and stem cells, and we address
the effects of sperm availability in limiting reproduction. In these three introductory sections we
provide only a brief overview and, at the end of each section, we direct the reader to recent reviews
for additional details.

The remainder of this review covers recent work addressing the age-related decline of the
germline stem and progenitor cell pool, its regulation by longevity pathways, its cellular and
molecular underpinnings, and its effect on progeny production. Finally, we discuss related
open questions of stem cell aging for which this model system is particularly amenable to
address experimentally.
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ASPECTS OF C. ELEGANS
REPRODUCTIVE BIOLOGY RELEVANT
TO REPRODUCTIVE AGING STUDIES

Adult Hermaphrodite Reproductive
System

Most C. elegans aging studies have been conducted in the
hermaphrodite, a morphological “female” that produces sperm
for a short time at the end of larval life before switching solely to
oocyte production. The tube-shaped adult hermaphrodite gonad
is closed at the distal end, and opens to the uterus at the proximal
end (Figure 1A). Hermaphrodites bear two gonad “arms” (one
anterior and one posterior) that open to a single uterus. A pool
of proliferating germ cells resides at each distal (closed) end, in
a region dubbed the progenitor zone (PZ). The PZ pool of cells
accumulates during larval stages and reaches a maximum number
of cells in early adulthood. The PZ contains germline stem cells,
their proliferating progeny, and cells in meiotic S phase. Cells
enter prophase of meiosis I as they leave this zone.

Each germ cell nucleus is surrounded by its own plasma
membrane, including nuclei in the distal zone, but germ cells
retain an opening to a core (the rachis) into which contents flow
proximally to supply growing oocytes. As many as 85% of adult
germ cells that enter prophase of meiosis I have been estimated
to later undergo apoptosis in late pachytene. This cell death is
thought to constitute a nurse cell function providing material for
growing oocytes via the core.

Adult germ cells that do not undergo programmed cell death
continue to mature as oocytes, arresting in diakinesis while
awaiting their “turn” to reach the proximal-most position in
the oviduct (Figure 1). In response to hormone signals from
sperm residing in the spermatheca (located just proximal to
the oviduct), oocytes escape arrest, undergo meiotic maturation,
and are ovulated into the spermatheca where they are fertilized.
Each zygote then moves into the uterus and begins embryonic
development. For details on germline development and oocyte
maturation, the reader is directed to recent reviews and
additional references therein (Das and Arur, 2017; Hillers et al.,
2017; Huelgas-Morales and Greenstein, 2018; Hubbard and
Schedl, 2019).

Notch Signaling and Germline Stem Cells

Maintenance of C. elegans germline stem cell identity depends on
canonical Notch signaling. Each distal end of the hermaphrodite
gonad is capped by single somatic cell called the distal tip cell
(DTC; Figure 1A). The DTC produces Delta-like ligands that
activate a Notch family receptor, GLP-1, that is present on the
surface of germ cells in the PZ. GLP-1 activity in the distal
germ cells activates the transcription of two genes, sygl-1 and
Ist-1, the products of which act largely redundantly to prevent
differentiation. SYGL-1-positive cells therefore can be considered
stem cells, as distinct from SYGL-1-negative cells in the PZ that
cycle through a last mitosis before entering meiotic S phase.
Since SYGL-1 and LST-1 were relatively recently discovered
and characterized as the sole early response to GLP-1 signaling
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FIGURE 1 | Schematic representation of the aging C. elegans adult
hermaphrodite reproductive system. (A) Early adult gonad anatomy. The
germline progenitor zone is located at the distal end of the gonad. As
progenitors proliferate, they are displaced and move proximally (“germline
flux”), progressing through oogenic prophase of meiosis | until they become
arrested in diakinesis at the proximal end of the oviduct, awaiting
maturation-inducing signals from sperm in the spermatheca. (B) Simplified
schematic of a days 3-4 adult gonad, depicting distal stem/progenitor pool
and proximal arrested oocytes, sperm in the spermatheca and embryos in the
uterus. (C) Schematics representing aged (days 5-6) sperm-depleted and
sperm-replete conditions. (D) Schematic representing a post-reproductive day
12 gonad. Regardless of sperm availability, reproduction has ceased, and the
progenitor zone is severely reduced. Diagrams in (A-D) represent wild-type
worms. Additional notes: The progenitor zone of aged hermaphrodites
contains fewer cells than at adult day 1 peak; in mated hermaphrodites (as yet
untested in the other conditions) SYGL-1- and LST-1- positive pools also
decline. Sperm-depleted hermaphrodites accumulate unfertilized oocytes in
the oviduct, whereas sperm-replete hermaphrodites do not. The PZ mitotic
cell cycle also slows, as does the rate of meiotic entry and the rate of
progression through prophase of meiosis |. These age-related changes in bulk
germline flux contribute to the reduction in progeny production with age. The
numbers of oocytes are schematized here to emphasize flux vs. stacking;
Kocsisova et al. (2019) report an average of ~14 oocytes are in diplotene and
diakinesis at days 1 and 3 and an average of ~9 at day 5 in mated
hermaphrodites. See text for details and additional references.
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(Kershner et al., 2014; Shin et al., 2017; Haupt et al., 2019; Chen
et al., 2020), and since techniques (such as those for single-
copy insertions necessary for transgene expression in the germ
line and for CRISPR/Cas9-mediated tagging) have only relatively
recently gained widespread use in the field, only one aging
study (Kocsisova et al., 2019) has thus far distinguished stem
vs. non-stem pools within the aging PZ. For details on GLP-1
Notch signaling in the germ line and additional details of the
C. elegans stem cell system, the reader is directed to recent reviews
and additional references therein (Greenwald and Kovall, 2013;
Kershner et al., 2013; Hubbard and Schedl, 2019).

Sperm Limitation and Oocyte Maturation
Two additional features of C. elegans reproductive biology
are that sperm are limiting for self-progeny production, and
that sperm are required to stimulate oocyte maturation (see
Huelgas-Morales and Greenstein, 2018). Self-sperm that are
generated in the last larval stage of hermaphrodite development
fertilize oocytes one by one as oocytes are ovulated into the
spermatheca. Sperm are thereby depleted over time, and unmated
hermaphrodites will produce effectively the same number of
self-progeny as they have self-sperm. Unmated hermaphrodites
cease reproduction after ~4-5 days having produced ~300 self-
progeny. Thereafter, oocytes arrested in diakinesis stack up in
the oviduct. These oocytes are occasionally ovulated into the
uterus and can be expelled from the animal through the vulva.
Unfertilized oocytes that remain in the uterus can also become
endomitotic. Thus, the cessation of reproduction in unmated
hermaphrodites in the lab is mainly driven by sperm depletion,
not reproductive or germ cell aging per se.

The limit to self-progeny production can be circumvented if
a hermaphrodite mates with a male. In this scenario, abundant
sperm are present and arrested oocytes do not stack up in the
oviduct. Rather, oocytes are continuously matured and ovulated
in response to sperm signals. The two different scenarios—
one in which oocytes remain arrested in the absence of
sperm, and one in which oocytes are continuously maturing
and ovulating—represent different scenarios for worm biology
and for reproductive aging as defined by progeny production
(Pickett et al., 2013).

THE GERMLINE STEM AND
PROGENITOR POOLS DECLINE WITH
AGE

Given the complex biology of sperm limitation and oocyte
maturation, a major finding that has emerged from recent studies
is that the number of germ cells in the progenitor zone (PZ)
declines with age. This occurs in both unmated and mated
hermaphrodites despite the profound gene expression changes
that accompany sperm depletion (Angeles-Albores et al., 2017).
In both scenarios, this PZ decline begins early in adulthood,
during peak reproduction, and before somatic aging becomes
apparent (Garigan et al., 2002; Killian and Hubbard, 2005;
Hughes et al., 2007; Luo et al,, 2010; Narbonne et al., 2015;
Qin and Hubbard, 2015; Kocsisova et al., 2019). Discrepancies

regarding exact PZ numbers (see a summary in Materials
and Methods of Kocsisova et al., 2019), likely reflect different
laboratory conditions and strains, as well as different analysis and
imaging techniques. For example, dissected gonads from very old
worms are fragile, possibly unintentionally biasing results from
such preparations to gonads from less fragile worms in an aging
population. Nevertheless, the studies discussed below confirm
that PZ decline is a hallmark feature of aging, and that depletion
of the stem/progenitor pool is a major driver of the age-related
decline in reproductive output.

Insulin/IGF-Like Receptor Signaling (IIS)
and Decline of the Germline Progenitor

Pool With Age

Not long after the groundbreaking discovery that daf-2, which
encodes the sole insulin/IGF-like receptor in C. elegans, promotes
aging, a role was postulated for this gene and its signaling
pathway (hereafter abbreviated as IIS) in reproductive aging.
Reduction-of-function (rf) mutations in daf-2 extend lifespan
in a manner dependent upon the transcription factor DAF-16
FOXO (see Kenyon, 2010 for review). That daf-2 influences germ
cell aging was suggested by a qualitative examination and rating
of germ cell morphology in daf-2 and daf-16 mutants (Garigan
et al, 2002). A quantitative measure associated with germline
aging, a decline in the number of PZ cells in wild-type adult
hermaphrodites over time, was subsequently documented in fixed
whole-mount preparations (Killian and Hubbard, 2005), and this
observation has been confirmed by studies in several different
labs (Luo et al., 2010; Narbonne et al., 2015; Qin and Hubbard,
2015; Kocsisova et al., 2019). Reducing IIS slows the age-related
decline in the number of cells in the PZ, and this slower depletion
of the PZ pool in daf-2 mutants is dependent on daf-16 (Luo et al.,
2010; Qin and Hubbard, 2015).

One hypothesis that was considered for why germline
progenitor pool depletion might be delayed in the daf-2 long-
lived mutant is that whatever mechanisms extend lifespan might
slow germline aging as measured by PZ depletion. However, this
explanation proved unlikely since the tissues that require wild-
type daf-16 activity to promote longevity downstream of daf-2
are not the same as those that require wild-type daf-16 activity
to affect depletion of the PZ. That is, tissue-specific expression
of daf-16(+) in the intestine of the worm partially reverses the
effects of daf-16 loss on lifespan of the daf-16; daf-2 double
mutant, making it more similar to daf-2 alone (Libina et al,
2003). However, animals carrying the same transgene showed
a PZ pool similar to the daf-16; daf-2 double mutant rather
than to the daf-2 mutant alone at day 12 of adulthood. Nor
does transgenic expression of daf-16(+) in muscle or neurons
influence age-related PZ loss in the daf-16; daf-2 double mutant
(Qin and Hubbard, 2015).

Instead, unexpectedly, daf-16(+) is required in certain cells
of the proximal somatic gonad (PSG), a source of DAF-16 not
previously linked to longevity nor to PZ regulation. Specifically,
expression of daf-16(+) in a subset of (fos-1a-positive) PSG cells
of the spermatheca and uterine lineage completely reversed the
effect of the daf-16 mutant such that the double mutant daf-16;
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daf-2 expressing daf-16(+) in PSG cells maintained a larger PZ
pool with age, similar to the daf-2 mutant alone. Consistent with
this finding, tissue-specific RNAi depletion of daf-16 in the same
PSG cells mimicked loss of daf-16, while depletion of daf-16 in
the germ line did not (Qin and Hubbard, 2015). This last result
was also somewhat surprising since the daf-2 signaling pathway
is required germline-autonomously to promote accumulation
of the PZ pool during larval stages (Michaelson et al., 2010).
One possible explanation for these results was that these PSG
cells represented an undiscovered source of daf-16(+) activity
in promoting longevity. However, this possibility was ruled
out since lifespan is unaffected in daf-16; daf-2 double mutant
worms bearing the PSG-expressed daf-16(+) transgene. Thus,
age-related germline progenitor pool decline and organismal
lifespan can be modulated by the same IIS signaling pathway,
but from anatomically distinct activities of daf-16 in the worm
(Qin and Hubbard, 2015).

The Progenitor Zone Is “Used Up” by

Germline Flux

The unexpected role for DAF-16 in PSG cells opened a number of
questions regarding the mechanism by which the PZ is depleted
with age. In short, the results support a model in which the
progenitor pool is “used up” over time. An analysis of mutants
that interfere with sperm production, ovulation, or fertilization
suggested that the rate at which germ cells leave the system
by oocyte ovulation influences the rate of PZ loss. That is,
preventing ovulation slows the PZ pool decline. This effect is
seen in sperm-less mutants in which oocytes stack up in the
oviduct, and the effect can be partially reversed by reintroducing
sperm. Importantly, the maintenance of the PZ over time that
occurs in the absence of sperm is partially dependent on daf-16 in
the PSGs (Qin and Hubbard, 2015). In addition, local germline-
autonomous feedback slows cell cycle progression in the PZ pool
in response to accumulating oocytes, in a manner dependent on
daf-18, which encodes the C. elegans ortholog of human tumor
suppressor PTEN (Narbonne et al., 2015; see also below).

Time-Course and Cellular Mechanisms

of Progenitor Pool Decline

The decline in the number of PZ cells begins early, by day
3 of adulthood, coincident with peak reproductive output and
before various measures of somatic decline are evident (Killian
and Hubbard, 2005; Pickett et al., 2013; Kocsisova et al., 2019).
While estimates vary in terms of exact cell number, in both
unmated and mated hermaphrodites, the PZ declines from ~200
to 250 cells at day 1 of adulthood to ~100 to 150 cells by day
6. PZ cell numbers continue to decline during adulthood, such
that an average of ~50 PZ cells remain on adult day 12 in
unmated hermaphrodites (Qin and Hubbard, 2015). The time-
course of progeny production, in both unmated and mated
hermaphrodites shows an early peak and then steep decline:
in either case, an average of ~150 progeny are produced on
adult day 2, while very few progeny are produced after day 5 in
unmated and after day 8 in mated hermaphrodites (Pickett et al.,
2013; Kocsisova et al., 2019).

The number of cells in the PZ at any given time is a
function of several factors, the interdependence of which is
not fully resolved. These factors include the starting number
of stem cells and non-stem cells in early adulthood, the rate
of proliferation of each of these pools within the PZ, the rate
of entry of cells into the meiotic pathway by commitment to
meijotic S phase, the duration of meiotic S phase, and entry
into prophase of meiosis I. Each of these factors may or
may not change in concert over time. The rate of particular
phases of mitotic cell cycle progress is, in particular, difficult
to measure, requiring arduous pulse-chase time-course analysis
(e.g., Fox et al, 2011; Kocsisova et al, 2019; see below).
Mitotic index—the number of cells in metaphase divided
by the number of proliferation-competent cells in a pool—
is a proxy for the rate of cell cycle progression since, in
theory, a higher mitotic index in a population of cells would
reflect a faster average rate of cell cycle progression. However,
compensatory alterations of other cell cycle phases or cell
populations that are not uniform can potentially confound the
interpretation of mitotic index alone. In addition, the length
of time that C. elegans germ cells express a common mitotic
marker (phospho-histone H3) is itself subject to nutritional
state (Gerhold et al., 2015). Another mitotic index measure that
gives a lower but perhaps more reliable index is the proportion
of cells in metaphase or anaphase of mitosis. These concerns
notwithstanding, by either measure, cells in the PZ of self-fertile
hermaphrodites display a reduction in mitotic index as sperm
become depleted (Narbonne et al., 2015; Qin and Hubbard,
2015).

While GLP-1 is not thought to regulate cell cycle, stem cell
identity and cell cycle dynamics are not completely independent.
As germ cells are displaced away from the distal end, they lose
contact with the DTC and lose GLP-1 activity. Since germ cells
spend the majority of time in S and G2, after these cells lose GLP-1
activity they must usually cycle through M phase before entering
meiotic S (Fox and Schedl, 2015). As a result, a prolonged G2
of an aged germ cell cycle may appear to inhibit meiotic entry.
An extreme example is seen in germ cells such as those in
adult reproductive diapause (ARD) that are essentially arrested
(Angelo and Van Gilst, 2009; Seidel and Kimble, 2011). These
cells do not enter meiotic prophase even in the absence of GLP-
1 Notch signaling (Seidel and Kimble, 2015), likely because they
cannot progress to meiotic S.

What forestalls the age-related decline in the PZ pool
when daf-2 is reduced or when germline flux is decreased
upon sperm depletion? One factor is likely to be slower
cell cycle progression. Introducing sperm to sperm-depleted
hermaphrodites can accelerate the decline of PZ cells (Qin and
Hubbard, 2015) and elevate mitotic index (Narbonne et al., 2015).
Together, these results suggest that the rate of cell proliferation
is an important factor dictating the number of PZ cells at a
given time. Reduced daf-2 and slowed oocyte flux both correlate
with lower mitotic index in early adulthood (Narbonne et al,
2015). Day 1 mitotic index is lower in conditional daf-2 mutants
at the restrictive temperature regardless of mating status, while
sperm-less mutants display reduced mitotic index that is partially
reversed by mating. In both cases, loss of DAF-18 PTEN, a
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phosphatase that can oppose the PI3 kinase activity downstream
of DAF-2, restores mitotic index. Based on manipulations that
selectively allow or block flux in one gonad arm or the other
within the same hermaphrodite, Narbonne et al. (2015) postulate
that accumulated oocytes themselves locally antagonize DAF-2-
mediated signaling via DAF-18 PTEN to slow the cell cycle in the
same gonad arm. Interpretation of some of these experiments is
complicated, however, especially those that use tumor-forming
mutants in which the propensity to form tumors and the rate
of proliferation within tumors are not necessarily correlated
(see Hubbard and Schedl, 2019, for a discussion of tumorous
mutants). Based on genetic analysis, DAF-18 is proposed to act
upstream of AMPK and MAP kinase signaling (Narbonne et al.,
2017). In this model, the logjam of arrested, un-ovulated oocytes
in the proximal oviduct would signal either directly or indirectly
to the distal germ line to slow the cell cycle and/or modulate
progression into meiosis I prophase (see also Discussion).

Decline of the Progenitor Pool Is a Main
Contributor to Reproductive Decline

With Age

To understand how changes to the progenitor pool ultimately
relate to progeny production, it is necessary to analyze
hermaphrodite reproductive aging in sperm-replete conditions.
This is because sperm depletion limits progeny production
and introduces confounding effects due to the build-up of
arrested oocytes upon sperm depletion. Therefore, Kocsisova
et al. (2019) examined reproductive aging in mated worms.
This comprehensive study demonstrated that PZ depletion does
indeed occur in sperm-replete conditions, that it includes a
depletion of the SYGL-1-positive stem cell pool, that it begins
early relative to somatic aging, and that it is a primary contributor
to reduced progeny production with age. Although oocyte quality
is controlled by multiple mechanisms (e.g., Nadarajan et al., 2009;
Luo et al., 2010; Templeman et al., 2018; see also below; Bhargava
et al,, 2020; Templeman et al., 2020), oocyte quantity, and hence
the number of progeny, is tightly correlated with output from the
PZ pool (Agarwal et al., 2018; Kocsisova et al., 2019).

Overall, a 14-fold reduction in progeny production occurs in
mated worms by adult day 7 compared to adult day 1, and the
reduction in progeny production follows PZ depletion with a
delay of ~2.5 days, the time required for cells to go from PZ
to oocyte (Kocsisova et al., 2019). The observation that the PZ
in worms with reduced glp-1 activity declines faster suggested
that loss of the GLP-1-responding stem cell pool contributes
to PZ decline (as opposed to, for example, only a loss of non-
stem progenitors) (Qin and Hubbard, 2015). A bona fide stem
cell decline was demonstrated by Kocsisova et al. (2019) using
CRISPR/Cas9-generated tagged SYGL-1 and LST-1 proteins. A
reduced SYGL-1-positive stem cell pool was seen as a shortening
of the proximal extent of SYGL-1 protein detection, and that the
decline was due to reduced GLP-1 signaling was indicated by a
decreased proximal extent of LST-1 protein. Together, stem cell
decline is ~2-fold by adult day 5 (Kocsisova et al., 2019).

Cell cycle analysis in mated hermaphrodites, measuring M
and S phase index as well as G2 duration and total non-S

duration, indicated that between days 1 and 3 of adulthood,
the duration of the G2 is extended ~2 fold (2.5-4.9 h), as is
the entire non-S portion of the cell cycle (G2 + M + GI; 3.4-
7.4 h). Interestingly, neither the M-phase index nor S-phase
index change over this timeframe in mated worms. One
possible explanation is that pro-metaphase may be lengthened
as well, as these studies used anti-phospho-histone H3 to
measure mitotic index. Taking all these data into account, the
average speed of the cell cycle is reduced ~2-fold by day 3
(Kocsisova et al., 2019).

In addition to PZ cells lengthening certain cell cycle stages
in aging mated worms, the rate at which they enter meiosis
is also reduced, as indicated by pulse-chase analysis of EdU-
labeled germ cells (Kocsisova et al., 2019). In general, how
the rate of meiotic entry is controlled is unknown. However,
regulation could occur at several different levels since multiple
pathways control the decision to enter the meiotic pathway upon
loss of GLP-1 signaling (see Hubbard and Schedl, 2019). Taken
together, the change in the total output of the PZ, including stem
cell depletion, reduced cell cycle, and reduced meiotic entry, is
estimated as ~4.5-fold by day 5 and ~11-fold by day 7, relative to
peak (Kocsisova et al., 2019).

In addition to a slower rate of entry into prophase of
meiosis I, progress through meiotic prophase also slows with
age. Aging extends time spent in leptotene/zygotene as well as
pachytene (Jaramillo-Lambert et al., 2007; Kocsisova et al., 2019).
However, the same proportion of cells were estimated to undergo
physiological apoptosis at day 1 as at day 5. Thus, an additional
delay in progression through the various stages of prophase of
meiosis I, rather than an increase in the proportion of cells
that die, likely contributes to the mid-life reduction in progeny
production (Kocsisova et al., 2019).

Among a number of germline aging phenotypes, the age-
related reduction of the PZ pool occurs in essentially all
individuals within the aging population, both mated and
unmated hermaphrodites (Luo et al., 2010; Narbonne et al.,
2015; Qin and Hubbard, 2015; Kocsisova et al., 2019). In
addition, this age-related phenotype occurs similarly in both
gonad arms within individuals, arguing for a systemic rather than
a local effect (Kocsisova et al., 2019). In contrast, two additional
sporadic low-frequency aging phenotypes are observed in mated
hermaphrodites: a shift of the DTC nucleus position and
endomitotic oocytes in the oviduct (as distinct from endomitotic
oocytes in the uterus which accumulate in hermaphrodites
that have exhausted their sperm supply). Longitudinal studies
of hermaphrodites displaying these two infrequently-observed
defects indicate that the two are not correlated and, while a shifted
DTC nucleus does not strongly correlate with reproductive
decline, the presence of endomitotic oocytes in the oviduct of
mated worms negatively impacts reproduction. In addition, the
DTC phenotype was often restricted to one gonad arm and not
the other within individuals, while the presence of endomitotic
oocytes in one gonad arm in an individual was correlated with
an increased probability of observing an endomitotic oocyte in
the other gonad arm of the same individual, suggesting a local
mechanism for the former and a possible systemic effect for the
latter (Kocsisova et al., 2019).
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DISCUSSION AND OPEN QUESTIONS

Many open questions remain regarding germline stem and
progenitor cell aging, and many of these open questions
are experimentally accessible in C. elegans (Corsi et al,
2015). The system is both fast-reproducing and fast-aging.
It is amenable to unbiased genetic screening and single-cell
omics. Moreover, cell and tissue autonomy can be rigorously
established, developmental vs. aging effects can be separated
using conditional alleles or other conditional manipulations,
and longitudinal studies of individual worms using live markers
are feasible since the worms are transparent. Most important,
many cellular and molecular aspects of aging and stem cells are
conserved between C. elegans and mammals (see Hubbard and
Schedl, 2019). Therefore, studying the aging germ line in this
system is likely to further our understanding of stem cell aging
in general and reproductive aging in particular. Below we discuss
some of these open questions and associated hypotheses.

How Is the Germ Cell Cycle Regulated
During Aging?

Like germ cells of other organisms (Hsu et al., 2008; Ables and
Drummond-Barbosa, 2013; Kao et al., 2015) and like mammalian
embryonic stem cells (White and Dalton, 2005), C. elegans germ
cells display unusual cell cycle control, including a very short to
no GI1 (Fox et al, 2011; Lara-Gonzalez et al., 2019). Although
CDK-2/CYE-1 Cyclin E is required for cell cycle progression,
in contrast to somatic cells where CDK2/Cyclin E is typically
limited to late G1 and early S phase, the complex is present in
germ cells at high levels throughout the mitotic germ cell cycle,
where it also has a role in promoting the proliferative fate (Fox
etal., 2011). Interestingly, a similar situation exists in Drosophila
for Cyclin E (Hsu et al., 2008; Ables and Drummond-Barbosa,
2013), where S phase delay occurs in aging germline stem cells
(Kao et al, 2015). In C. elegans germ cells, GSK-3 glycogen
synthase kinase is required to maintain high levels of cdk-2
transcription throughout the cell cycle to promote a high rate of
cell cycle progression (Furuta et al., 2018). The unusual nature
of the germline cell cycle necessitates careful characterization of
cell cycle markers. For example, a well-characterized marker for
S-phase, PCNA or PCN-1 in C. elegans, can accumulate in all
PZ nuclei throughout the cell cycle, when only about half are
in active S-phase as measured by EdU labeling (Kocsisova et al.,
2018). A deeper understanding of the mechanism of stem cell
cycle regulation in the germ line, together with well-characterized
markers for cell cycle stages, will facilitate experiments needed
for a more thorough understanding of how the germ cell cycle
changes with advancing age.

The negligible G1 necessitates germ cell cycle regulation in
other phases of the cycle. In germ cells, G2 arrest occurs in
nutrient-poor conditions in several developmental scenarios,
including the first larval stage, dauer and ARD (e.g., Fukuyama
et al., 2006; Seidel and Kimble, 2015; Tenen and Greenwald,
2019), and the G2 is extended in older mated hermaphrodites
(Kocsisova et al., 2019). One question is whether IIS, which
promotes PZ mitotic index in larval and adult germ cells

(Michaelson et al., 2010; Narbonne et al., 2015; Roy et al., 2016),
is involved in the extension of G2 with age. If so, does it
share mechanisms of IIS-mediated G2 regulation that occur in
Drosophila neural stem cells (Otsuki and Brand, 2018)? Which of
the many C. elegans insulin/IGF-like ligands are responsible, and
how are they regulated by age? If not IIS, what mechanisms cause
the extension of G2 with age?

Even though the average rate of cell cycle progression, which
reduces the number of cells born over time, and the average rate
of meiotic entry are both slowed with age, the number of cells
in the PZ declines with age in either sperm-depleted or sperm-
replete conditions. This suggests that the two rates of change are
unequal; that is, either they start or progress differently over time.
The rate of change in the cell cycle within the stem cell vs. non-
stem progenitor pools may also differ. Nevertheless, stem cell
depletion is likely a major factor in overall PZ decline since fewer
stem cells results in fewer progenitors that can enter meiosis. The
stem vs. progenitor state and cell cycle status of cells that remain
in the PZ in oldest worms is also unresolved.

How Is Stem Cell Fate and Function
Altered With Age?

The age-related decline in the pool of germ line stem cells is
defined by the reduced number of the GLP-1 Notch responsive
(SYGL-1-positive) cells in the distal germ line. One possibility
is that this conserved Notch signaling pathway is affected by
age-related cellular and tissue-level changes. Since Notch activity
regulates stem cell fate in several different mammalian organ
contexts, worm studies may inform our understanding of stem
cell aging in higher organisms as well. Even in cases where
other (non-Notch) signaling pathways control stem cell fate,
features of stem cell signaling in the context of aging tissues may
well be conserved.

Notch activation in the C. elegans germ line occurs via
membrane-bound ligand expression in the somatic niche cell and
the GLP-1 receptor on the surface of germ cells. Why does the
number of SYGL-1-expressing stem cells decrease as animals age?
Are the levels of Notch signaling in the stem cells reduced? If so,
at what step of the signaling pathway? Is the post-transcriptional
regulation of Notch pathway components or effectors different
in old worms than in young ones? How do changes in Notch
signaling interface with the changes in the germ cell cycle? To
what extent is the reduction in Notch signaling due to general
age-related changes to cell membranes or signaling centers? Is
the efficacy of signal reception or transmission affected by age-
related alterations in receptor membrane localization or receptor
processing? Is the reduction in Notch signaling due to aging in
the soma or in the germ line? Do age-related changes in nuclear
transport or germ cell chromatin interface with transcriptional
activation downstream of receptor signaling? Do changes to
Notch pathway signaling reflect interactions with other age-
related signals that impinge on the germ line? If so, how?

Equally interesting will be an understanding of how specific
aspects of cell biological aging, such as changes to the basement
membrane, to mitochondrial function, or to proteostasis,
contribute to the decline in stem cell fate and function. It is
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possible, for example, that some aspects of cellular aging impact
cell cycle while others impact cell fate decisions via effects on
specific signal transduction pathways.

How Does IIS Regulate the PZ? Do Other
Aging Pathways Prevent PZ Decline?

With respect to IIS, organismal lifespan and the germline
progenitor pool are regulated in anatomically distinct ways. How
does daf-16 expression in a subset of proximal somatic gonadal
cells regulate the rate of decline of the PZ pool? One hypothesis
is that a daf-16-dependent secreted factor signals directly to the
germ line. Alternatively, PSG-to-germline communication could
occur through intermediate tissues. The relevant targets of daf-16
in the PSG will also be important to identify. To what extent does
this pathway act at the level of germline stem cell identity, cell
cycle, or both? It will also be of interest to determine how other
age-defying conditions and genetic manipulations influence PZ
aging, and, if so, whether they act by mechanisms similar to or
distinct from the daf-2 pathway.

Interfering with germ cell flux also delays the decline of
PZ cell numbers with age. This effect appears to be linked to
ovulation of oocytes and is partially dependent on daf-16 in the
proximal somatic gonad (Qin and Hubbard, 2015) as well as
daf-18, AMPK and MAP kinase (Narbonne et al., 2015, 2017).
Whether these pathways act directly or indirectly on the PZ
requires further investigation.

How Is PZ Decline Related to Oocyte
Quality?

By about day 5 of adulthood, oocytes show overt signs of
deterioration (Garigan et al., 2002; Luo et al., 2010). They become
morphologically disordered, and the progeny they give rise to
show a higher incidence of chromosome non-disjunction and
embryonic lethality, even if the old hermaphrodite is provided
with sperm from a young male (Killian and Hubbard, 2001;
Luo et al., 2010; Templeman et al., 2018; Imakubo et al., 2021).
Though never fully avoided, defects in late life reproductive
quality are delayed in long-lived mutants. However, the rate of
egg-laying is also reduced throughout the life-span of long-lived
mutants (Pickett et al., 2013), so one possibility is that oocyte
deterioration will always occur after a certain number of oocytes
have been produced, rather than at a particular biological age
of the worm. Given the long journey a germ cell makes from
stem cell to oocyte, it is also likely that age-dependent oocyte
defects result from age-related changes in multiple factors and
processes distributed throughout the course of ongoing germ cell
maturation, starting from the stem cells themselves.

An interesting and potentially relevant observation is that
reducing GLP-1 signaling in the distal germ line regulates the
size of oocytes: reducing glp-1 activity results in large oocytes,
while elevating glp-1 activity results in small oocytes (Nadarajan
et al., 2009). This effect of glp-1 on oocyte size is dependent on
DTC-mediated GLP-1 activation, gap junctions, and cell death.
It is mediated by alterations in the rate of actomyosin streaming
to oocytes as well as the timing of oocyte cellularization. These
observations demonstrate that the effects of GLP-1 signaling

activity in the PZ, in addition to regulation of stem cell numbers,
may have downstream effects on oocytes relevant to oocyte
quality in aging.

A related question is: does PZ decline affect subsequent
progression through prophase of meiosis I? Or are these
independently regulated processes? Although age does not appear
to affect physiological cell death during prophase, it does
influence the rate of progression through prophase (Kocsisova
et al, 2019). Progression through several distinct points of
prophase of meiosis I is regulated by DAF-2 and RAS/MPK
signaling (see Das and Arur, 2017 for a review). That oocytes
arrested in late prophase may feed back on the PZ via DAF-
18 PTEN, via AMPK and MAPK has been proposed (Narbonne
etal, 2015,2017), however, it is at present difficult to untangle the
causal links between these pathways vis-a-vis the PZ and meiotic
prophase progression, since daf-2, daf-18, and mpk-1 all act at
multiple steps in both processes. Additional questions concern
how reducing the progenitor pool or slowing meiotic prophase
affects the quality and quantity of material that eventually
accumulates in oocytes.

How Is PZ Decline and Reproductive
Aging Affected by the Worm'’s

Environment?

C. elegans is a powerful model for understanding how an
organism’s environment, physiology and genetics together
dictate phenotype. C. elegans research continues to advance
genetic understanding of virtually every aspect of development
and cell biology, largely under highly controlled laboratory
conditions using a mono-species abundant food source.
However, the worm’s environment—microbial (both quality and
quantity), pheromone, and temperature—impacts many aspects
of development. A well-understood example is the regulation of
dauer, an alternate pre-reproductive larval stage that is resistant
to poor environmental conditions (see Fielenbach and Antebi,
2008 for a review). Interestingly, molecular pathways that
regulate dauer such as IIS, TGFf, and nuclear hormone signaling
pathways, also affect both aging and the germ line, even when
worms have not experienced dauer (e.g., Michaelson et al., 2010;
Dalf6 et al., 2012; Thondamal et al., 2015; Pekar et al., 2017),
and IIS regulates meiotic progression in response to nutrient
availably (Lopez et al., 2013).

Aging and reproduction are particularly sensitive to
environmental manipulation in C. elegans. Under extreme
conditions of starvation in late larval stages, reproductive adults
can arrest germline stem cell divisions and slow the rate of oocyte
production from the usual ~3 oocytes ovulated per hour per
gonad arm in peak times to fewer than one every 8 h (Angelo and
Van Gilst, 2009; Seidel and Kimble, 2011). Remarkably, worms
can remain in this condition far longer than their normal lifespan
and rebound to become reproductively competent adults with
a functional, albeit reduced, PZ (Roy et al., 2016). Responses to
other stressors such as oxidative and heat stress are also altered
with age, but it is unclear how they affect germline aging.

Slowing the germline progenitor cell cycle during
environmentally unfavorable conditions or after sperm depletion
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may be an evolutionary strategy to allow sperm-depleted
hermaphrodites to temporarily retain germline progenitors
despite advancing age, such that PZ cell proliferation, entry
into and through meiotic prophase, and oocyte production can
resume quickly upon locating new food sources and/or males
with which to mate.

CONCLUDING REMARKS

The quirks of C. elegans life history and reproductive strategies
have been sculpted by evolution to ensure its success in the
wild. Nevertheless, together with its advantages as a laboratory
model organism, these quirks offer rich opportunities for
experimental analysis of reproductive and stem cell aging. Given
the conservation of cellular and molecular processes from worms
to mammals, and given the history of what model organism

REFERENCES

Ables, E. T., and Drummond-Barbosa, D. (2013). Cyclin E controls Drosophila
female germline stem cell maintenance independently of its role in proliferation
by modulating responsiveness to niche signals. Development 140, 530-540.
doi: 10.1242/dev.088583

Agarwal, I, Farnow, C,, Jiang, J., Kim, K. S., Leet, D. E., Solomon, R. Z., et al. (2018).
HOP-1 presenilin deficiency causes a late-onset notch signaling phenotype
that affects adult germline function in Caenorhabditis elegans. Genetics 208,
745-762. doi: 10.1534/genetics.117.300605

Angeles-Albores, D., Leighton, D. H. W., Tsou, T., Khaw, T. H., Antoshechkin,
I, and Sternberg, P. W. (2017). The Caenorhabditis elegans female-like state:
decoupling the transcriptomic effects of aging and sperm status. G3 7, 2969
2977. doi: 10.1534/g3.117.300080

Angelo, G., and Van Gilst, M. R. (2009). Starvation protects germline stem cells
and extends reproductive longevity in C. elegans. Science 326, 954-958. doi:
10.1126/science.1178343

Antebi, A. (2012). Regulation of longevity by the reproductive system. Exp.
Gerontol. 48, 596-602. doi: 10.1016/j.exger.2012.09.009

Bhargava, V., Goldstein, C. D., Russell, L., Xu, L., Ahmed, M., Li, W., et al. (2020).
GCNA preserves genome integrity and fertility across species. Dev. Cell 52,
38-52 el0.

Chen, J., Mohammad, A., Pazdernik, N., Huang, H., Bowman, B., Tycksen, E.,
et al. (2020). GLP-1 Notch-LAG-1 CSL control of the germline stem cell fate is
mediated by transcriptional targets Ist-1 and sygl-1. PLoS Genet. 16:1008650.
doi: 10.1371/journal.pgen.1008650

Corsi, A. K., Wightman, B., and Chalfie, M. (2015). A transparent window into
biology: a primer on Caenorhabditis elegans. Genetics 200, 387-407. doi: 10.
1534/genetics.115.176099

Dalf6, D., Michaelson, D., and Hubbard, E. J. A. (2012). Sensory regulation of the C.
elegans germline through TGF-B-dependent signaling in the Niche. Curr. Biol.
22,712-719. doi: 10.1016/j.cub.2012.02.064

Das, D., and Arur, S. (2017). Conserved insulin signaling in the regulation of
oocyte growth, development, and maturation. Mol. Reprod. Dev. 84, 444-459.
doi: 10.1002/mrd.22806

Fielenbach, N., and Antebi, A. (2008). C. elegans dauer formation and the
molecular basis of plasticity. Genes Dev. 22, 2149-2165. doi: 10.1101/gad.
1701508

Fox, P. M., and Schedl, T. (2015). Analysis of germline stem cell differentiation
following loss of GLP-1 notch activity in Caenorhabditis elegans. Genetics 201,
167-184. doi: 10.1534/genetics.115.178061

Fox, P. M., Vought, V. E., Hanazawa, M., Lee, M.-H., Maine, E. M., and Schedl,
T. (2011). Cyclin E and CDK-2 regulate proliferative cell fate and cell cycle
progression in the C. elegans germline. Development 138, 2223-2234. doi:
10.1242/dev.059535

research has contributed to fundamental biology relevant to
human health, studies on germline stem cell aging should offer
broad implications beyond the worm.

AUTHOR CONTRIBUTIONS

Both authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by NIH R01AG065672 to EJAH and
American Cancer Society Postdoctoral Fellowship PF-19-231-01-
CSM to TT.

Fukuyama, M., Rougvie, A. E., and Rothman, J. H. (2006). C. elegans DAF-
18/PTEN mediates nutrient-dependent arrest of cell cycle and growth in the
germline. Curr. Biol. 16,773-779. doi: 10.1016/j.cub.2006.02.073

Furuta, T., Joo, H. J., Trimmer, K. A., Chen, S. Y., and Arur, S. (2018). GSK-3
promotes S-phase entry and progression in C. elegans germline stem cells to
maintain tissue output. Development 145:dev161042.

Galimov, E. R, and Gems, D. (2021). Death happy: adaptive ageing and its
evolution by kin selection in organisms with colonial ecology. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 376:20190730. doi: 10.1098/rstb.2019.0730

Garigan, D., Hsu, A.-L,, Fraser, A. G., Kamath, R. S., Ahringer, J., and Kenyon,
C. (2002). Genetic analysis of tissue aging in Caenorhabditis elegans: a role for
heat-shock factor and bacterial proliferation. Genetics 161, 1101-1112. doi:
10.1093/genetics/161.3.1101

Gerhold, A. R, Ryan, J., Vallee-Trudeau, J. N., Dorn, J. F., Labbe, J. C., and Maddox,
P. S. (2015). Investigating the regulation of stem and progenitor cell mitotic
progression by in situ imaging. Curr. Biol. 25, 1123-1134. doi: 10.1016/j.cub.
2015.02.054

Greenwald, I., and Kovall, R. (2013). Notch signaling: genetics and structure.
WormBook 17, 1-28. doi: 10.1895/wormbook.1.10.2

Haupt, K. A, Enright, A. L., Ferdous, A. S., Kershner, A. M., Shin, H., Wickens, M.,
et al. (2019). The molecular basis of LST-1 self-renewal activity and its control
of stem cell pool size. Development 146:dev181644.

Hillers, K. J., Jantsch, V., Martinez-Perez, E., and Yanowitz, J. L. (2017). Meiosis.
WormBook 2017, 1-43.

Hsu, H.-J., LaFever, L., and Drummond-Barbosa, D. (2008). Diet controls normal
and tumorous germline stem cells via insulin-dependent and -independent
mechanisms in Drosophila. Dev. Biol. 313, 700-712. doi: 10.1016/j.ydbio.2007.
11.006

Hubbard, E. J. A., and Schedl, T. (2019). Biology of the Caenorhabditis elegans
germline stem cell system. Genetics 213, 1145-1188. doi: 10.1534/genetics.119.
300238

Huelgas-Morales, G., and Greenstein, D. (2018). Control of oocyte meiotic
maturation in C. elegans. Semin. Cell Dev. Biol. 84, 90-99. doi: 10.1016/j.
semcdb.2017.12.005

Hughes, S. E., Evason, K., Xiong, C., and Kornfeld, K. (2007). Genetic and
pharmacological factors that influence reproductive aging in nematodes. PLoS
Genet. 3:¢25. doi: 10.1371/journal.pgen.0030025.eor

Imakubo, M., Takayama, J., Okada, H., and Onami, S. (2021). Statistical
image processing quantifies the changes in cytoplasmic texture
associated with aging in Caenorhabditis elegans oocytes. BMC Bioinform.
22:73.

Jaramillo-Lambert, A., Ellefson, M., Villeneuve, A. M., and Engebrecht, J. (2007).
Differential timing of S phases, X chromosome replication, and meiotic
prophase in the C. elegans germ line. Dev. Biol. 308, 206-221. doi: 10.1016/j.
ydbio.2007.05.019

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 699671


https://doi.org/10.1242/dev.088583
https://doi.org/10.1534/genetics.117.300605
https://doi.org/10.1534/g3.117.300080
https://doi.org/10.1126/science.1178343
https://doi.org/10.1126/science.1178343
https://doi.org/10.1016/j.exger.2012.09.009
https://doi.org/10.1371/journal.pgen.1008650
https://doi.org/10.1534/genetics.115.176099
https://doi.org/10.1534/genetics.115.176099
https://doi.org/10.1016/j.cub.2012.02.064
https://doi.org/10.1002/mrd.22806
https://doi.org/10.1101/gad.1701508
https://doi.org/10.1101/gad.1701508
https://doi.org/10.1534/genetics.115.178061
https://doi.org/10.1242/dev.059535
https://doi.org/10.1242/dev.059535
https://doi.org/10.1016/j.cub.2006.02.073
https://doi.org/10.1098/rstb.2019.0730
https://doi.org/10.1093/genetics/161.3.1101
https://doi.org/10.1093/genetics/161.3.1101
https://doi.org/10.1016/j.cub.2015.02.054
https://doi.org/10.1016/j.cub.2015.02.054
https://doi.org/10.1895/wormbook.1.10.2
https://doi.org/10.1016/j.ydbio.2007.11.006
https://doi.org/10.1016/j.ydbio.2007.11.006
https://doi.org/10.1534/genetics.119.300238
https://doi.org/10.1534/genetics.119.300238
https://doi.org/10.1016/j.semcdb.2017.12.005
https://doi.org/10.1016/j.semcdb.2017.12.005
https://doi.org/10.1371/journal.pgen.0030025.eor
https://doi.org/10.1016/j.ydbio.2007.05.019
https://doi.org/10.1016/j.ydbio.2007.05.019
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tolkin and Hubbard

C. elegans Germline Progenitor Aging

Kao, S. H., Tseng, C. Y., Wan, C. L,, Su, Y. H., Hsieh, C. C., Pi, H., et al. (2015). Aging
and insulin signaling differentially control normal and tumorous germline stem
cells. Aging Cell 14, 25-34. doi: 10.1111/acel.12288

Kenyon, C.J. (2010). The genetics of ageing. Nature 464, 504-512.

Kershner, A. M., Shin, H., Hansen, T. J., and Kimble, J. (2014). Discovery of two
GLP-1/Notch target genes that account for the role of GLP-1/Notch signaling
in stem cell maintenance. Proc. Natl. Acad. Sci. 111, 3739-3744. doi: 10.1073/
pnas.1401861111

Kershner, A., Crittenden, S. L., Friend, K., Sorensen, E. B., Porter, D. F., and
Kimble, J. (2013). Germline Stem Cells and their Regulation in the Nematode
Caenorhabditis elegans. Dordrecht: Springer.

Killian, D. J., and Hubbard, E. J. A. (2001). RNAi feeding to produce males. Worm
Breeder’s Gazette 17:32.

Killian, D. J., and Hubbard, E. J. A. (2005). Caenorhabditis elegans germline
patterning requires coordinated development of the somatic gonadal sheath
and the germ line. Dev. Biol. 279, 322-335. doi: 10.1016/j.ydbio.2004.12.021

Kocsisova, Z., Kornfeld, K., and Schedl, T. (2018). Cell cycle accumulation of the
proliferating cell nuclear antigen PCN-1 transitions from continuous in the
adult germline to intermittent in the early embryo of C. elegans. BMC Dev. Biol.
18:12.

Kocsisova, Z., Kornfeld, K., and Sched], T. (2019). Rapid population-wide declines
in stem cell number and activity during reproductive aging in C. elegans.
Development 146:dev.173195.

Lara-Gonzalez, P., Moyle, M. W., Budrewicz, J., Mendoza-Lopez, J., Oegema, K.,
and Desai, A. (2019). The G2-to-M transition is ensured by a dual mechanism
that protects cyclin B from degradation by Cdc20-activated APC/C. Dev. Cell
51, 313-325. doi: 10.1016/j.devcel.2019.09.005

Libina, N., Berman, J. R., and Kenyon, C. (2003). Tissue-specific activities of C.
elegans DAF-16 in the regulation of lifespan. Cell 115, 489-502. doi: 10.1016/
$0092-8674(03)00889-4

Lopez, A. L., Chen, J., Joo, H. J., Drake, M., Shidate, M., Kseib, C., et al. (2013).
DAF-2 and ERK couple nutrient availability to meiotic progression during
Caenorhabditis elegans oogenesis. Dev. Cell 27, 227-240. doi: 10.1016/j.devcel.
2013.09.008

Luo, S., Kleemann, G. A., Ashraf, J. M., Shaw, W. M., and Murphy, C. T.
(2010). TGF-p and insulin signaling regulate reproductive aging via oocyte and
germline quality maintenance. Cell 143, 299-312. doi: 10.1016/j.cell.2010.09.
013

Michaelson, D., Korta, D. Z., Capua, Y., and Hubbard, E. J. A. (2010). Insulin
signaling promotes germline proliferation in C. elegans. Development 137,
671-680. doi: 10.1242/dev.042523

Nadarajan, S., Govindan, J. A., McGovern, M., Hubbard, E. J. A, and
Greenstein, D. (2009). MSP and GLP-1/Notch signaling coordinately regulate
actomyosin-dependent cytoplasmic streaming and oocyte growth in C. elegans.
Development 136, 2223-2234. doi: 10.1242/dev.034603

Narbonne, P., Maddox, P. S., and Labbe, J. C. (2015). DAF-18/PTEN locally
antagonizes insulin signalling to couple germline stem cell proliferation to
oocyte needs in C. elegans. Development 142, 4230-4241.

Narbonne, P., Maddox, P. S., and Labbe, J. C. (2017). DAF-18/PTEN signals
through AAK-1/AMPK to inhibit MPK-1/MAPK in feedback control of
germline stem cell proliferation. PLoS Genet. 13:¢1006738. doi: 10.1371/journal.
pgen.1006738

Otsuki, L., and Brand, A. H. (2018). Cell cycle heterogeneity directs the timing of
neural stem cell activation from quiescence. Science 360, 99-102. doi: 10.1126/
science.aan8795

Pekar, O., Ow, M. C,, Hui, K. Y., Noyes, M. B,, Hall, S. E., and Hubbard, E. J. A.
(2017). Linking the environment, DAF-7/TGFbeta signaling and LAG-2/DSL
ligand expression in the germline stem cell niche. Development 144, 2896-2906.
doi: 10.1242/dev.147660

Pickett, C. L., Dietrich, N., Chen, J., Xiong, C., and Kornfeld, K. (2013). Mated
progeny production is a biomarker of aging in Caenorhabditis elegans. G3 3,
2219-2232. doi: 10.1534/g3.113.008664

Qin, Z., and Hubbard, E. J. A. (2015). Non-autonomous DAF-16/FOXO activity
antagonizes age-related loss of C. elegans germline stem/progenitor cells. Nat.
Commun. 6:7107.

Roy, D., Michaelson, D., Hochman, T., Santella, A., Bao, Z., Goldberg, J. D., et al.
(2016). Cell cycle features of C. elegans germline stem/progenitor cells vary
temporally and spatially. Dev. Biol. 409, 261-271. doi: 10.1016/j.ydbio.2015.
10.031

Seidel, H. S., and Kimble, J. (2011). The oogenic germline starvation response in C.
elegans. PLoS One 6:¢28074. doi: 10.1371/journal.pone.0028074

Seidel, H. S., and Kimble, J. (2015). Cell-cycle quiescence maintains
Caenorhabditis elegans germline stem cells independent of GLP-1/Notch. eLife
4:10832.

Shin, H., Haupt, K. A., Kershner, A. M., Kroll-Conner, P., Wickens, M., and Kimble,
J. (2017). SYGL-1 and LST-1 link niche signaling to PUF RNA repression for
stem cell maintenance in Caenorhabditis elegans. PLoS Genet. 13:e1007121.
doi: 10.1371/journal.pgen.1007121

Templeman, N. M., Cota, V., Keyes, W., Kaletsky, R., and Murphy, C. T.
(2020). CREB non-autonomously controls reproductive aging through
hedgehog/patched signaling. Dev. Cell 54, 92-105. doi: 10.1016/j.devcel.2020.
05.023

Templeman, N. M., Luo, S., Kaletsky, R., Shi, C., Ashraf, J., Keyes, W., et al. (2018).
Insulin signaling regulates oocyte quality maintenance with age via cathepsin B
activity. Curr. Biol. 753-760 €754.

Tenen, C. C., and Greenwald, 1. (2019). Cell non-autonomous function of daf-
18/PTEN in the somatic gonad coordinates somatic gonad and germline
development in C. elegans Dauer Larvae. Curr. Biol. 29, 1064-1072 e1068.

Thondamal, M., Witting, M., Schmitt-Kopplin, P., and Aguilaniu, H. (2015).
Steroid hormone signalling links reproduction to lifespan in dietary-restricted
Caenorhabditis elegans. Nat. Commun. 5:4879.

White, J., and Dalton, S. (2005). Cell cycle control of embryonic stem cells. Stem.
Cell Rev. 1,131-138. doi: 10.1385/scr:1:2:131

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tolkin and Hubbard. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

150

July 2021 | Volume 9 | Article 699671


https://doi.org/10.1111/acel.12288
https://doi.org/10.1073/pnas.1401861111
https://doi.org/10.1073/pnas.1401861111
https://doi.org/10.1016/j.ydbio.2004.12.021
https://doi.org/10.1016/j.devcel.2019.09.005
https://doi.org/10.1016/s0092-8674(03)00889-4
https://doi.org/10.1016/s0092-8674(03)00889-4
https://doi.org/10.1016/j.devcel.2013.09.008
https://doi.org/10.1016/j.devcel.2013.09.008
https://doi.org/10.1016/j.cell.2010.09.013
https://doi.org/10.1016/j.cell.2010.09.013
https://doi.org/10.1242/dev.042523
https://doi.org/10.1242/dev.034603
https://doi.org/10.1371/journal.pgen.1006738
https://doi.org/10.1371/journal.pgen.1006738
https://doi.org/10.1126/science.aan8795
https://doi.org/10.1126/science.aan8795
https://doi.org/10.1242/dev.147660
https://doi.org/10.1534/g3.113.008664
https://doi.org/10.1016/j.ydbio.2015.10.031
https://doi.org/10.1016/j.ydbio.2015.10.031
https://doi.org/10.1371/journal.pone.0028074
https://doi.org/10.1371/journal.pgen.1007121
https://doi.org/10.1016/j.devcel.2020.05.023
https://doi.org/10.1016/j.devcel.2020.05.023
https://doi.org/10.1385/scr:1:2:131
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

1’ frontiers

in Cell and Developmental Biology

ORIGINAL RESEARCH
published: 16 July 2021
doi: 10.3389/fcell.2021.652809

OPEN ACCESS

Edited by:
Vittorio Sebastiano,
Stanford University, United States

Reviewed by:

Ning Li,

Hong Kong University of Science
and Technology, Hong Kong
Qiangzhen Yang,

Shanghai Jiao Tong University, China

*Correspondence:
Haixia Xu
hxxu214@126.com

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Cellular Biochemistry,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 13 January 2021
Accepted: 18 June 2021
Published: 16 July 2021

Citation:

XuY, Han Q, Ma C, Wang Y,

Zhang R, Li C, Cheng X and Xu H
(2021) Comparative Proteomics

and Phosphoproteomics Analysis
Reveal the Possible Breed Difference
in Yorkshire and Duroc Boar
Spermatozoa.

Front. Cell Dev. Biol. 9:6528009.

doi: 10.3389/fcell.2021.652809

Check for
updates

Comparative Proteomics and
Phosphoproteomics Analysis Reveal
the Possible Breed Difference in
Yorkshire and Duroc Boar
Spermatozoa

Yongjie Xu'?t, Qiu Han't, Chaofeng Ma?', Yaling Wang', Pengpeng Zhang'?,
Cencen Li'?, Xiaofang Cheng'? and Haixia Xu'2*

" College of Life Science, Xinyang Normal University, Xinyang, China, ? Institute for Conservation and Utilization
of Agro-Bioresources in Dabie Mountains, Xinyang Normal University, Xinyang, China, ° Xinyang Animal Disease Control
and Prevention Center, Xinyang, China

Sperm cells are of unique elongated structure and function, the development
of which is tightly regulated by the existing proteins and the posttranslational
modifications (PTM) of these proteins. Based on the phylogenetic relationships of
various swine breeds, Yorkshire boar is believed to be distinctly different from
Duroc boar. The comprehensive differential proteomics and phosphoproteomics
profilings were performed on spermatozoa from both Yorkshire and Duroc boars.
By both peptide and PTM peptide quantification followed by statistical analyses,
167 differentially expressed proteins were identified from 1,745 proteins, and 283
differentially expressed phosphopeptides corresponding to 102 unique differentially
phosphorylated proteins were measured from 1,140 identified phosphopeptides derived
from 363 phosphorylated proteins. The representative results were validated by
Western blots. Pathway enrichment analyses revealed that majority of differential
expression proteins and differential phosphorylation proteins were primarily concerned
with spermatogenesis, male gamete generation, sperm motility, energy metabolism,
cilium morphogenesis, axonemal dynein complex assembly, sperm—-egg recognition,
and capacitation. Remarkably, axonemal dynein complex assembly related proteins,
such as SMCP, SUN5, ODF1, AKAPS, and AKAP4 that play a key regulatory role in
the sperm physiological functions, were significantly higher in Duroc spermatozoa than
that of Yorkshire. Furthermore, phosphorylation of sperm-specific proteins, such as
CABYR, ROPN1, CALM1, PRKAR2A, and PRKAR1A, participates in regulation of the
boar sperm motility mainly through the cAMP/PKA signal pathway in different breeds,
demonstrating that protein phosphorylation may be an important mechanism underlying
the sperm diversity. Protein—protein interaction analysis revealed that the 14 overlapped
proteins between differential expression proteins and differential phosphorylation
proteins potentially played a key role in sperm development and motility of the flagellum,
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including the proteins ODF1, SMCP, AKAP4, FSIP2, and SUNS. Taken together, these
physiologically and functionally differentially expressed proteins (DEPs) and differentially
expressed phosphorylated proteins (DPPs) may constitute the proteomic backgrounds
between the two different boar breeds. The validation will be performed to delineate the
roles of these PTM proteins as modulators of Yorkshire and Duroc boar spermatozoa.

Keywords: spermatozoa, breed, sperm motility, proteomics, phosphoproteomics, iTRAQ labeling

INTRODUCTION

In the modern swine production, artificial insemination (AI)
is one of the most critical technologies in the genetic
improvement of porcine herds. Sperm quality, as an important
boar reproductive trait with moderate to low heritability, is
crucial for insuring the success of AI, which is influenced by
both environmental and genetic factors (Marques et al., 2017;
Gao et al., 2019). Duroc, Yorkshire, and Landrace are the
most frequently used pigs in commercial production and have
favorable growth performance. Due to the various origins, these
breeds not only are significantly different in the aspect of meat
productive traits but also have great differences in reproductive
traits, such as male fertility traits, including sperm number,
sperm-fertilizing capacity, sperm motility, concentration, and
vitality, and semen volume (Koh et al, 1976; Kasimanickam
and Kastelic, 2016; Shanmugam et al., 2016). For instance, Large
White and Landrace boars had higher total sperm number and
ejaculate volume, but less sperm motility and concentration than
Duroc breeds (Ciereszko et al., 2000; Smital, 2009). Although
it is known that there are differences in semen traits among
the different porcine breeds, the diversity in the molecular
mechanism of the genetic background has not been well
characterized. Thereby, providing the impetus to understanding
the genetic background associated with sperm quality traits in
different breeds is of great benefit to improve the genetic selection
for these traits and accelerate genetic progress.

Mature mammalian sperm are highly differentiated haploid
cells which almost silenced at the level of transcriptional and
translational regulation. As the carrier of patrilineal genes, sperm
cells are unique in elongated structure and function and are
tightly regulated by the existing proteins and the posttranslational
modifications (PTM), which have served as a resource pool for
screening of key targets involved in sperm motility regulation
(Samanta et al., 2016; Dai et al., 2019b; Gadadhar et al., 2021).
Owing to this essential role in sperm cells, the study of sperm
protein is of great significance for clarifying the physiological
process of mammalian spermatogenesis and conception. Due
to the extensive application of “omics” technology for system
biology, tremendous progress has been made in recent years
on protein function research through global proteome analysis
and its complex interaction in response to specific disturbance
(Larance and Lamond, 2015; Dai et al., 2019a). Proteomics has
also been widely used in the study of human and other animal
sperm, which can reflect the protein composition, distribution,
and function of sperm cells from a macro perspective, and
indicated that sperm proteins play essential functional roles and
contribute to vital biological processes such as spermatogenesis,

sperm motility, sperm capacitation, fertilization, and male
infertility (Chalmel and Rolland, 2015; Baker, 2016; Maciel
et al., 2019; Agarwal et al., 2020; Martin-Hidalgo et al., 2020).
Therefore, quantitative proteomics analysis is a potent tool for
understanding the quality variation in sperm functions.

On a genome analysis of cumulative nucleotide differences,
Yorkshire pigs differed significantly from Duroc, consistent with
being the two breeds with a rather distant relationship based
on phylogenetic analyses (Kim et al., 2015). The semen trait
differences in sperm motility and capacitation, fertility, and
semen volume among the porcine breeds were studied in the
previous experiments (Ciereszko et al., 2000; Smital et al., 2004;
Flowers, 2008; Smital, 2009). The protein function of sperm-
fertilizing and its relationship with different boar breeds have
been increasingly a focus in these years, and the identification
of differentially expressed proteins in spermatozoa can help to
clarify the molecular mechanisms of the genetic background from
different boar breeds. Xinhong et al. (2018) firstly showed an
iTRAQ-based proteomics analysis of sperm proteins in Meishan
and Duroc boar species and provided significant information
for elucidating the molecular basis responsible for variety-
specific differences in pig reproductive efficiency. Despite that
protein regulation at the phosphorylation level plays crucial
functions in sperm, very few studies have reported the diversities
in phosphoproteins associated with sperm motility between
different porcine breeds. The precise genetic mechanisms behind
the sperm vitality and motility in different breeds remain unclear,
and there was no comprehensive analysis of the proteome or
phosphoproteome determining breed differences in boar sperm.
In this research, we used a global analysis of iTRAQ-based
quantitative proteome coupled with phosphopeptide-enrichment
strategies to reveal the boar spermatozoa proteome and find
the PTMs associated with the breed differences using Yorkshire
and Duroc boar spermatozoa. Our results show that the porcine
sperm protein phosphorylation status relates exclusively to sperm
structure and motility in different breeds, thus supporting its
importance for phosphorylation status changes in distinguishing
breed specificity. Moreover, this research will provide a new
insight to understanding the molecular basis of the differences in
pig reproductive efficiency between Duroc and Yorkshire breeds.

MATERIALS AND METHODS

Semen Sources and Preparation
Fresh boar semen was obtained from Hongzhan Pig Breeding
Farm (Xinyang, Henan, China). All boars were fed similar
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amounts of a common ration, with management and nutrition
in accordance with good industry practices. Semen was collected
concurrently from Duroc and Yorkshire boars (four boars per
breed), with all boars 18-24 months old at the time of semen
collection. Semen was treated according to the method as
described by Kasimanickam and Kastelic (2016). Briefly, initial
post-collection motility was consistently > 80%, the minimum
content of sperm with normal morphology was 80%, and the
sperm density was 2.0~3.5 x 10%/ml. The sperm-rich fraction
was diluted in Beltsville thawing solution (BTS) buffer (1:1
volume) and transported to the laboratory at 37°C within 1 h.
Upon arrival, diluted semen was placed in 50-ml Falcon tubes
and centrifuged at 1,000 g for 20 min (4°C) to separate seminal
plasma. Sperm were washed twice using BTS at 1,000 g for 20 min
(4°C). The sperm pellet was resuspended in BTS, then aliquoted
into microcentrifuge tubes, and centrifuged at 16,000 g for 10 min
(4°C). The supernatant was completely discarded, and the sperm
precipitate was fast frozen in liquid nitrogen and stored in the
refrigerator at —80°C until used. All procedures were carried out
in accordance with the Animal Ethical Treatment Guidelines and
were approved by the Animal Care Commission of the College of
Life Science, Xinyang Normal University, China.

Sperm Protein Extraction

Immediately after collection, 15-ml tubes were fully filled from
each ejaculation/segment and were centrifuged twice at 1,500 g
for 10 min. Sperm pellets were lysed in STD buffer (1 mM DTT,
4% SDS, 150 mM Tris-HCI pH 8.0) containing a 1% protease
inhibitor cocktail (Roche). The sample was homogenized on
ice by sonication with an ultrasonic cell crusher (DH92-IIN,
Toshiba) 10 times (10-s pulse on/15-s pulse off). Samples were
centrifuged at 16,000 g for 45 min at 4°C, and the supernatants
were collected. The protein concentration was quantified by
the BCA assay (Beyotime, P0012S, Shanghai, China) with BSA
protein as standard.

Protein Digestion, iTRAQ Labeling, and

Peptide Fractionation

Protein digestion was performed according to the previously
filter-aided sample preparation (FASP) procedure (Wisniewski
et al., 2009). Briefly, 200 pg of each protein sample was mixed
with 200 pl UA buffer (8 M urea, 150 mM Tris-HCl pH
8.0) and concentrated for 15 min at 14,000 g using 10-kDa
ultrafiltration centrifuge tubes. The retentates were resuspended
in 200 pl UA buffer and concentrated for another 15 min at
14,000 g at room temperature. Then, 100 pl of 0.05 M IAA
in UA buffer was added to inhibit reduced cysteine residues,
and the samples were incubated for 30 min in darkness and
concentrated for 10 min at 14,000 g. Subsequently, the filters were
washed with 100 pl of UA buffer twice and spun for 10 min
at 14,000 g, and then washed twice with 100 ul of DS buffer
(50 mM trimethylammonium bicarbonate at pH 8.5) and spun
for 10 min at 14,000 g. Finally, the protein suspensions were
digested with 40 w1 50 ng/ul sequencing-grade trypsin (Roche,
IN, United States) (2 g trypsin in 40 pl DS buffer) overnight
at 37°C, and the resulting peptides were collected as a filtrate.

The peptide content was estimated by UV light spectral density
at 280 nm (Wisniewski et al., 2009).

For proteome analysis, the resulting peptide mixture was
labeled using the iTRAQ Reagent-8Plex Multiplex kit (AB SCIEX,
Foster City, CA, United States) according to the manufacturer’s
instructions. In detail, each iTRAQ reagent was dissolved in 70 1
of ethanol and added to different peptide mixtures. The 80-pg
digested peptides from each sample were incubated with specific
iTRAQ reagents (iTRAQ reagents 113, 114, 115, and 116 used for
four Duroc sperm samples, and iTRAQ reagents 117, 118, 119,
and 121 for four Yorkshire sperm samples, respectively) for 1 h
at room temperature. The digested peptides used for proteomic
and phosphoproteomic analysis were labeled separately. After
labeling, samples were multiplexed and concentrated in a vacuum
concentrator for further identification and quantification by
LC-MS/MS. Proteins showing different abundances between
the Yorkshire and Duroc groups, as shown in Figure 1, were
subjected to bioinformatics analysis, and quantification was
validated by Western blot.

Additionally, to identify more proteins for proteome analysis,
Strong cation exchange (SCX) was applied to separate the mixed
peptides using AKTA Purifier 100 (GE Healthcare, Fairfield,
CT, United States) as previously described (Dong et al., 2017).
In brief, the vacuum-dried iTRAQ-labeled peptide mixture was
reconstituted in 2 ml buffer A (25% CAN and 10 mM KH,PO4
pH 3.0), loaded onto a Polysulfoethyl 4.6 mm x 100 mm column
(5 pm, 200 A) (PolyLC Inc., Columbia, MD, United States),
and eluted at 0.7 ml/min with the following concentrations of
buffer B (25% CAN, 500 mM KCl, and 10 mM KH,POy4 pH 3.0)
successively: 0% buffer B from 0 to 25 min; 10% buffer B for
32 min; 20% buffer B for 42 min; 45% buffer B for 47 min; 100%
to 0% buffer B from 52 to 60 min; and 0% buffer B for 75 min.
After separation, the 33 fractions collected were combined to
10 fractions according to SCX chromatogram, then desalted on
standard density Empore SPE C;g cartridges (Sigma, St. Louis,
MO, United States) with inner diameter 7 mm and volume 3 ml,
concentrated by vacuum centrifugation.

Phosphopeptide Enrichment

Phosphopeptide enrichment was done as described previously
(Du et al, 2017). Briefly, the vacuum-dried peptide mixture
was resuspended in 500 pl loading buffer (2% glutamic
acid/2% TFA/65% ACN). TiO, beads were added, and the
samples were agitated by end-over-end rotation at 20°C for
40 min. The phosphopeptide-bound beads were collected by brief
centrifugation, washed three times with 50 pl of buffer I (3%
TFA/30% ACN), and then washed three times with 50 1 of buffer
IT (0.3% TFA/80% ACN) to remove any non-adsorbed material.
Phosphopeptides were finally eluted with 50 pl of elution buffer
(15% NH4OH/40% ACN), dried, and stored at -80°C until
further analysis.

LC-MS/MS Analysis Based on Q Exactive

Mass Spectrometry
LC-MS/MS analyses were performed on a Q Exactive mass
spectrometer coupled to an EASY-nLC 1000 nano-HPLC system
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FIGURE 1 | Experimental design and schematic diagram of the workflow. Boar sperm was chosen for analysis of the differential proteomes between the Duroc and
Yorkshire pig breeds. A total of eight boars were analyzed by iTRAQ 8Plex-based parallel quantitative proteomics and phosphoproteomics, using the LC-MS/MS
workflow. After thorough statistical analyses of the proteomics data, the differentially expressed proteins and phosphoproteins/sites were conducted for the
subsequent bioinformatics analysis and some of the important differentially expressed proteins were selected for validation of the discovery results by western

(Proxeon Biosystems, Thermo Fisher Scientific, Waltham, MA,
United States) as described previously (Wei et al., 2018).
Briefly, each dried peptide fraction or dried TiO;-enriched
phosphopeptides were reconstituted in 20 pl of 0.1% formic
acid and loaded on a Thermo Scientific EASY column
(2 cm x 100 pm, 5 pm C18 resin) equilibrated with 95% Buffer
A (0.1% formic acid), and then the peptides were loaded and
separated on a C18 column (25 cm x 75 pm, 3 pm C18 resin) at
a flow rate of 250 nl/min. Peptide and phosphopeptide mixtures
were eluted using buffer A (0.1% formic acid) and buffer B (100%
acetonitrile and 0.1% formic acid) under a 170-min gradient with
a flow rate of 250 nl/min (0-30% buffer B for 120 min, 30-50%
buffer B for 25 min, 50-100% buffer B for 15 min, and finally
100% buffer B for 10 min).

For MS data acquisition, the eluted peptides and
phosphopeptides were analyzed in positive ion mode on a
Q Exactive mass spectrometer (Thermo Finnigan, San Jose,
CA, United States) using data-dependent acquisition. The full
mass scan was acquired by the Orbitrap mass analyzer from
m/z 300 to 1800 with a resolution of 70,000 at m/z 200, and
the AGC target was set to 3 x 10° with a max injection time
of 20 ms. The 10 most intense parent ions were fragmented by
higher-energy collisional dissociation (HCD). The MS/MS scans
were also acquired by the Orbitrap with 17,500 resolution at

m/z 200, and the AGC target was set to 2 x 10* with a max
injection time of 60 ms. System control and data collection
were performed by Xcalibur software (Thermo Fisher Scientific,
United States). The mass spectrometry raw data have been
deposited to the ProteomeXchange Consortium' via the iProX
partner repository with the dataset identifier PXD025607
(Ma et al., 2019). The raw MS data files contain 15 files. P230-
01.msf and P230-PH-3.msf are the search engine output files
for proteome and phosphoproteome analysis, respectively.
P230-1.raw, P230-2.raw, P230-3.raw, P230-4.raw, P230-5.raw,
P230-6.raw, P230-7.raw, P230-8.raw, and P230-9.raw are the
mass spectrometer output files of the proteome. P230-PH-1.raw,
P230-PH-2.raw, and P230-PH-3.raw are the mass spectrometer
output files of the phosphoproteome.

Mass Spectrometry Data Analysis

The raw MS/MS files were processed with Proteome Discoverer
version 1.4 (Thermo Fisher Scientific, United States) and
subjected to an in-house UniProt Sus scrofa (pig) protein
database (UniProt 2018_01_27; 50,008 sequences; updated
on 1-27-2018) searching using Mascot Server Version 2.2
(Matrix Science, London, United Kingdom). For proteome

'http://proteomecentral.proteomexchange.org
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analysis, the parameters for database searching were set as
follows: enzyme, trypsin; iTRAQ 8Plex labels, the N-terminal
and lysine residues; maximum missed cleavages, 2; fixed
modification, carbamidomethylation of cysteine residues;
peptide mass tolerance, 20 ppm; MS/MS tolerance, 0.1 Da;
variable modifications, oxidation of methionine. For the
phosphoproteome, parameters for protein identification were set
as follows: enzyme, trypsin; mass values, monoisotopic; peptide
mass tolerance, 20 ppm; MS/MS tolerance, 0.1 Da; maximum
missed cleavage, 2; iTRAQ 8Plex labels, the N-terminal and lysine
residues; fixed modification, carbamidomethylation of cysteine
residues; variable modifications, oxidation of methionine and
phosphorylation of threonine/serine/tyrosine; instrument type,
ESI-TRAP. The decoy database pattern was set as the reverse
of the target database. Trypsin with full enzyme specificity and
only peptides with a minimum length of six amino acids were
selected. Protein identification was succeeded by at least one
unique peptide identification. The minimum MaxQuant score
of phosphorylation sites was 40. All reported data were based
on 99% confidence for protein, peptide, and phosphorylation
site identifications as determined by an FDR of <0.01 (Sandberg
et al, 2012). Protein identification was supported by at least
one unique peptide identification. PhosphoRS score >50 and
PhosphoRS site probability >75% indicate that a site is truly
phosphorylated (Olsen et al., 2006).

Peptides with different amino acid sequences or modifications
were identified as unique peptides. For quantification, only
unique peptides were considered, and it was performed
simultaneously with protein identification using Proteome
Discoverer software. The log, values of the measured precursor
intensities were normalized by the median values across an entire
labeling experiment to correct for protein abundance variation
(Unwin et al., 2010). A two-sample ¢-test was carried out within
SPSS 18.0. Proteins or phosphopeptides with p < 0.05 after
Benjamini and Hochberg adjustment and fold-change ratios >1.3
or <0.77 were considered as differentially expressed proteins
(DEPs) or differentially expressed phosphopeptides (DEPPs).

Bioinformatics Analysis

The biological functions of identified DEPs and differential
phosphorylation proteins (DPPs) were annotated using GO
enrichment’ and the KEGG pathway’. To understand these
DEPs and DPPs in terms of the published literature, interactions
among them in relation to function and biological pathways
were determined using the IPA tool. Interactions among all the
related DEPs and DPPs were constructed using the program
STRING®*. The STRING program was set to show no more than
10 interactions and medium confidence.

Western Blotting
Sperm lysates were run on SDS-PAGE gels, and immunoblotting
was performed according to our previous procedure (Xu et al.,

Zhttp://www.geneontology.org
3http://www.kegg.jp
“http://string-db.org

2012). The primary antibodies used were as follows: mouse anti-
HNRNPK (ab39975, Abcam, Cambridge, MA, United States),
rabbit anti-AKAP3 (13907-1-AP, Proteintech, Wuhan, China),
rabbit anti-ODF1 (24736-1-AP, Proteintech), rabbit anti-PTGDS
(10754-2-AP, Proteintech), rabbit anti-AKAP4 (24986-1-AP,
Proteintech), rabbit anti-GK (13360-1-AP, Proteintech), and
mouse anti-GAPDH (AF5009, Beyotime). Immunoblots were
repeated at least three times for each sample from four
Duroc and Yorkshire pigs, respectively. Detection of proteins
was performed using enhanced chemiluminescence (ECL).
Finally, the blot was imaged using a FluorChem M multicolor
fluorescence Western blot imaging system (ProteinSimple, San
Jose, CA, United States).

RESULTS

Proteomic and Phosphoproteomic

Profiles of Porcine Spermatozoa

In this study, the global protein expression and phosphorylation
events were compared between Duroc and Yorkshire boar
spermatozoa using 8Plex iTRAQ-based quantitative proteomics.
Four independent biological replicates were performe