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Vitellogenins are a family of yolk proteins that are by far the most abundant among
oviparous animals. In the model nematode Caenorhabditis elegans, the 6 vitellogenins
are among the most highly expressed genes in the adult hermaphrodite intestine,
which produces copious yolk to provision eggs. In this article we review what is
known about the vitellogenin genes and proteins in C. elegans, in comparison with
vitellogenins in other taxa. We argue that the primary purpose of abundant vitellogenesis
in C. elegans is to support post-embryonic development and fertility, rather than
embryogenesis, especially in harsh environments. Increasing vitellogenin provisioning
underlies several post-embryonic phenotypic alterations associated with advancing
maternal age, demonstrating that vitellogenins can act as an intergenerational signal
mediating the influence of parental physiology on progeny. We also review what is known
about vitellogenin regulation — how tissue-, sex- and stage-specificity of expression is
achieved, how vitellogenins are regulated by major signaling pathways, how vitellogenin
expression is affected by extra-intestinal tissues and how environmental experience
affects vitellogenesis. Lastly, we speculate whether C. elegans vitellogenins may play
other roles in worm physiology.
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INTRODUCTION: VITELLOGENINS ACROSS THE TREE OF LIFE

Vitellogenins are the principal yolk proteins by which oviparous animals supply nutrients to
support the development of their progeny. Vitellogenins are large lipo-glyco-phosphoprotein that
are expressed in somatic tissues, such as the vertebrate liver (Romano et al., 2004) or the insect
fat body (Tufail et al,, 2014). They recruit lipids and other nutrients before they are secreted
into circulation (e.g., vertebrate blood or insect hemolymph) and are taken up by oocytes via
receptor-mediated endocytosis. In vertebrates, vitellogenins are additionally cleaved after uptake
within yolk platelets by cathepsins to form lipovitellins and phosvitins. Lipovitellins are larger
hydrophobic subunits that carry lipids, while phosvitins are smaller subunits with a high degree
of phosphorylation (Raikhel and Dhadialla, 1992).

Vitellogenins form a gene superfamily found in nearly all oviparous taxa (Sappington and
Raikhel, 1998), including the monotreme mammals (Brawand et al., 2008). Vitellogenins display
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a high degree of structural conservation, though they are
divergent in regulation and copy number (Tufail et al., 2014).
Vitellogenins are believed to be the ancestor of human apoB, the
principal component of low density lipoprotein (LDL), on the
basis of sequence similarity (Baker, 1988).

While vitellogenin regulation is diverse, they are usually
regulated in a sex-, tissue- and stage-specific manner, being
expressed in specific somatic tissues of adult females (Raikhel
and Dhadialla, 1992). However, vitellogenins are often expressed
in male animals to some extent, e.g., in the male honeybee
Apis mellifera (Piulachs et al., 2003). Vitellogenins are subject
to hormonal regulation at the transcriptional level in insects
and vertebrates (Tufail et al., 2014). In vertebrates vitellogenins
are under estrogenic control. Expression in male animals
can be induced by exogenous application of 17-f estradiol
(Skipper and Hamilton, 1977).

A wealth of studies indicate that vitellogenins may have
additional roles in organismal physiology beyond supporting
embryonic development, including caste determination in
A. mellifera (Guidugli et al., 2005; Nelson et al., 2007), immune
functions (Shi et al., 2006; Li et al., 2009; Liu et al., 2009;
Tong et al., 2010; Salmela et al.,, 2015; Sun and Zhang, 2015),
antioxidant activity (Seehuus et al., 2006) and metal ion transport
(Mitchell and Carlisle, 1991; Falchuk, 1998; Amdam et al., 2004).

VITELLOGENINS IN C. elegans
PHYSIOLOGY

Caenorhabditis elegans vitellogenins are synthesized in the
intestine of the adult hermaphrodite and transported into
the germline (Kimble and Sharrock, 1983). The process of
activating abundant yolk production at sexual maturation is
often referred to as vitellogenesis. Yolk complexes are secreted
into the pseudocoelom (body cavity), from where they pass
through the gonadal basal lamina and through the 500 nm
sheath pores of the somatic gonad (Hall et al., 1999) before
uptake by maturing oocytes via receptor-mediated endocytosis
(Grant and Hirsh, 1999).

While an appreciation of the characteristics and scale of
C. elegans vitellogenesis is important for understanding the
physiology of this species, the yolk proteins of C. elegans also
serve as an illustrative and well-characterized lens through
which we can observe how the integration of metabolic
and environmental pressures and signals affect animal energy
homeostasis, aging and even the physiology of the next
generation. To that end, in this section “Vitellogenins in
C. elegans physiology,” we will first explore how the broadly
conserved characteristics of vitellogenins and the massive
scale of their synthesis affects the physiology of adult worms
and their young. In section “Regulation of Vitellogenins in
C. elegans,” we will go on to detail the molecular mechanisms
by which the intestinal production of yolk is tuned, including
in response to signals from other tissues and to environmental
experience. Finally, in section “Possible Alternative Functions of
Vitellogenins in C. elegans,” we will speculate on whether the
various interesting alternative physiological roles of vitellogenins

described in section “Introduction: Vitellogenins Across the Tree
of Life,” might also exist in C. elegans.

Molecular Characteristics of C. elegans

Vitellogenin

Four yolk polypeptides are found in C. elegans - two larger
polypeptides with a molecular weight of around 170 kDa
(YP170A and YP170B) and two smaller polypeptides at around
115 kDa and 88 kDa (YP115 and YP88, respectively). These
polypeptides associate to form 2 distinct large oligomeric
lipoprotein complexes. The B complex, with a molecular weight
estimated at 437,000 kDa, contains only YP170B as a simple
dimer, as is typical of vitellogenins in other species. The
A complex, with an estimated weight of 439,000 kDa, is
an oligomer composed of YP170A, YP115 and YP88. The
diameter of these yolk complexes is estimated at 12.8-14.6 nm
(Sharrock et al., 1990).

Vitellogenins have been found in multiple proteomic studies
to be associated with lipid droplets, likely recruiting lipids
during yolk biogenesis (Zhang et al, 2012; Vrablik et al,
2015). Yolk complexes purified from embryos contain around
15% lipid by weight (Sharrock et al, 1990), although this
may be an underestimate of the total lipid content of yolk
prior to endocytosis, as some lipids likely dissociate from
yolk complexes once imported into oocytes. The phospholipids
phosphatidylcholine and phosphatidylethanolamine comprise
over half of the total lipid content. Neutral lipids constitute
around 30%, with free fatty acids and small amounts of
cholesterol (Matyash et al., 2001) making up the remainder
(Kubagawa et al., 2006; Table 1).

For C. elegans cholesterol is essential but is only required
in small quantities. The maternal supply of cholesterol via
yolk is sufficient to support normal growth and development
under laboratory conditions, with widespread defects in growth
and development failing to become apparent until the third
generation grown under conditions of cholesterol deprivation
(Yochem et al., 1999).

Vitellogenin Genes in C. elegans

There are six vitellogenin genes in the C. elegans genome
(Figure 1). vit-2, the best-studied of the vitellogenins
(Goszczynski et al., 2016), encodes YP170B. vit-1 is 82% identical

TABLE 1 | Composition of lipid fraction of yolk isolated from
hermaphrodite body cavity.

Lipid distribution (percentage)

Phosphatidylcholine 23.0
Phosphoethanolamine 28.2
Other phospholipids 2.8
Diacylglycerides 3.2
Free fatty acids 16.2
Triacylglycerides 26.4
Cholesterol <1.0

Adapted from Kubagawa et al. (2006).
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Stegodyphus mimosarum vit-6
C. elegans vit-6
C. elegans vit-1

C. elegans vit-2
C. elegans vit-5

C. elegans vit-3
0.06
FIGURE 1 | The vitellogenin family in C. elegans is comprised of 6 genes. The
outgroup is the vit-6 gene from the African social velvet spider, Stegodyphus
mimosarum. Arachnid vitellogenins are the sister group to nematode

vitellogenins (Tufail et al., 2014). Scale bar represents nucleotide substitutions
per site. Adapted from Perez (2018).

C. elegans vit-4

to vit-2. vit-1 was thought to be a pseudogene based on a report
of a single nucleotide deletion causing a truncated protein
product (Spieth et al., 1985) It was also noted that while the
other vitellogenins are 85-90% conserved between C. elegans and
the closely related species Caenorhabditis briggsae, vit-1 is only
73% conserved (Blumenthal et al., 1984). However, the reported
deletion mutation in the vit-1 coding sequence is absent in the
latest C. elegans reference genome (WBcel235) and the VIT-1
protein has been reported to be found in multiple proteomics
studies (Zhang et al.,, 2012; Depuydt et al., 2013; Liang et al,,
2014), suggesting that vit-1 is indeed transcribed and translated.

vit-3, vit-4, and vit-5 encode YP170A. vit-3 and vit-4 are 99%
identical and are arranged in tandem on the X chromosome.
vit-3 and vit-4 are derived from a recent duplication event,
as C. briggsae lacks vit-4 (Blumenthal et al., 1984). vit-5 is
96% identical to vit-3 and vit-4, and 67% identical to vit-2
(Spieth et al., 1985).

vit-6 is the single divergent member of the C. elegans
vitellogenins, sharing only 50% identity with vit-2 (Spieth et al.,
1985). vit-6 encodes a single polypeptide of around 180 kDa
that is cleaved after secretion into the pseudocoelom but before
endocytosis into the oocyte to form YP115, derived from the
C-terminal portion of VIT-6, and YP88, derived from the
N-terminal portion (Sharrock, 1984; Spieth and Blumenthal,
1985). Despite being cleaved into two separate polypeptides,
YP115 and YP88 appear to behave as a single monomeric unit and
are linked covalently to YP170A via disulfide bonds (Sharrock
et al., 1990). vit-6 is the only C. elegans vitellogenin that is not
on the X chromosome, being found instead on chromosome IV.

Although nematode vitellogenins are homologous with
vertebrate and other vitellogenins (Spieth et al., 1985; Nardelli
et al, 1987), all nematode vitellogenins lack the serine-rich
phosvitin domain common to vitellogenins of other taxa
(Nardelli et al., 1987; Spieth et al, 1991). Although it is
considerably diverged, vit-6 is much more closely related to
the other nematode vitellogenins than to vitellogenins from
other taxa, suggesting that this divergence likely occurred within
nematodes (Spieth et al., 1991).

vit-1, vit-2, vit-3, vit-4, and vit-5 all have exceptionally short
5" UTRs (Spieth et al., 1985), ranging from 9-11 bp. This may be

related to the presence of potential stem-loop forming structures
at the 5 end of all the vitellogenins, highly conserved between
C. elegans and C. briggsae, that could serve to impede translation
(Zucker-Aprison and Blumenthal, 1989), potentially mediating
post-translational regulation of vitellogenin expression. All of the
vitellogenins lack spliced leader sequences and thus are unlikely
to be trans-spliced (Sornda et al., 2019).

Although vit-6 shares only around 21% identity at the
protein level with other vitellogenins, all of their amino acid
compositions are strikingly similar (Spieth et al., 1991), perhaps
reflecting their role in providing offspring with an optimal pool
of amino acids. In all vitellogenins there has also been strong
conservation of cysteine residues, particularly present in pairs
near both termini of the genes (Spieth et al., 1991). These residues
are likely required for the formation of disulfide bonds. The vit
genes also show evidence of strong selection at the level of codon
choice (Spieth et al., 1991). Such a strong preference for certain
codons is typical of other abundantly expressed nematode genes,
such as collagen, actin or myosin.

Secretion and Uptake of Vitellogenins

Yolk in C. elegans is loaded into the 3 most proximal oocytes
by receptor-mediated endocytosis (Figure 2; Grant and Hirsh,
1999; Hall et al., 1999). The C. elegans yolk receptor is encoded
by rme-2, a member of the low-density lipoprotein receptor
(LDLR) superfamily. Embryos of rme-2 null mutants contain
no detectable yolk (Grant and Hirsh, 1999). After endocytosis,
yolk appears in oocytes and embryos in a membrane-bound
compartment, often referred to as yolk granules (Hall et al., 1999).
Various non-protein components taken up with yolk, such as

FIGURE 2 | Vitellogenins are taken up by receptor-mediated endocytosis.

C. elegans oocytes pass through the spermatheca for fertilization, after which
the embryos begin development in the maternal uterus. Here a VIT-2:GFP
translational fusion protein is shown being taken up by proximal oocytes prior
to fertilization. As the oocyte nears the spermatheca, VIT-2:GFP taken up by
receptor-mediated endocytosis at the cell membrane gradually extends
throughout the cytoplasm and can be seen in the embryos in utero after
fertilization. Scale bar, 50 um. Reprinted from Perez (2018).
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the fluorescent fatty-acid analog BODIPY-FA (Kubagawa et al.,
2006), the cholesterol analog dehydroergosterol (Matyash et al.,
2001) and fluorescently labeled dsRNA (Marré et al., 2016), have
been found to undergo a rapid re-localization away from the
yolk granules to the cytoplasm or other cellular organelles. This
implies that yolk is actively sorted into various components
shortly after uptake.

The process of vitellogenin secretion and uptake is very
fast, with labeled yolk particles undergoing transport from
the intestine to the germline within minutes (Bossinger and
Schierenberg, 2003; Kuo et al., 2013).

In the course of embryogenesis, yolk accumulates in the gut
primordium (Sharrock, 1983). Yolk deposition in the gut by
various mechanisms, such as prelocalization or segregation, is
common in other taxa (Bossinger and Schierenberg, 2003). In the
case of C. elegans, yolk appears to be secreted from other cells and
taken up again by the gut cells by receptor-mediated endocytosis
(Bossinger and Schierenberg, 2003; Kuo et al., 2013). As rme-
2 is not expressed during embryogenesis (Grant and Hirsh,
1999), this implies the existence of another receptor capable of
mediating yolk uptake, possibly in a processed form, in the worm.

C. elegans Vitellogenins Are Highly

Expressed

The gonad comprises around one quarter of an adult
hermaphrodite’s body volume and turns over every 6.5 h at
the peak of the reproductive period (Hirsh et al, 1976; Jung
et al., 2012). Therefore, in 1 day the worm produces a quantity
of embryos roughly equivalent to its own body weight. It has
been estimated that yolk comprises 37% of the total protein in
the embryo (Kimble and Sharrock, 1983). Kimble and Sharrock
(1983) found that YP170 alone comprised 25% of de novo
protein synthesis from dissected young adult hermaphrodite
intestines in vitro. Van Nostrand et al. (2013) found that the
genes encoding vitellogenins are the protein-coding genes with
the highest expression in young adult worms, constituting
around 3% of all RNA-seq reads. This is despite the fact that
they are expressed exclusively in the 20 cells of the intestine and
despite the fact that yolk synthesis increases further as worms get
older (Perez et al., 2017; Sornda et al., 2019).

With these figures in mind, we might be justified in proposing
that a primary purpose of the adult hermaphrodite worm is to
produce prodigious quantities of yolk to provision her embryos,
at a presumably huge metabolic cost. As such, in a healthy
adult hermaphrodite the expression of vitellogenins may be near
saturation and limited primarily by the biosynthetic capacity of
the intestine. This hypothesis is supported by the observation
that almost all other genes expressed in the intestine increased
their expression upon knockdown of wunc-62, a necessary
transcriptional activator of vitellogenins (Van Nostrand et al.,
2013). Similarly, knockdown of all vitellogenin genes by RNAi
increased the abundance of numerous other proteins in aged
worms (Sornda et al., 2019). The massive scale of yolk synthesis
may be the reason for the existence of multiple, near-identical
vitellogenin paralogs in the C. elegans genome and also for the
endoreduplication of DNA that occurs in intestinal cells, reaching

completion shortly before the onset of reproduction (Hedgecock
and White, 1985). Most adult hermaphrodite intestinal cells
contain 64 haploid genomes, equating to almost 400 copies of the
vit genes per cell. Overexpression of these genes as a group may
therefore be difficult to attain experimentally. Adding additional
gene copies may simply bias the composition of the total yolk
pool toward one or another isoform according to the identity
of the added gene, as appears to be the case at the level of
transcription (Spieth et al., 1988) and translation (Van Rompay
et al, 2015; Sornda et al, 2019). Claimed overexpression of
vitellogenins therefore requires data on all vitellogenins, ideally
at the protein level, and not just the expression level of the
added gene. The increase in yolk synthesis that occurs during the
reproductive period may be supported by a concurrent increase
in the volume of the hermaphrodite intestine (Perez et al., 2017).

Yolk also accumulates in the adult hermaphrodite toward the
end of the self-fertile reproductive period (Perez et al.,, 2017;
Sornda et al., 2019), such that elevated embryonic yolk uptake
may depend more on the level of accumulated yolk rather than
the rate of de novo synthesis at this point. In aged worms,
yolk accumulates to pathological levels (Herndon et al., 2002;
Figure 3). The accumulation of yolk has been understood as
at least partly a consequence of the cessation of reproduction,
causing the absence of the main yolk sink by which the massive
quantities of yolk produced leave the body (McGee et al,
2011; Sornda et al.,, 2019). However, although yolk production
does decline from its peak (Van Nostrand et al, 2013), aging
worms do continue to synthesize some yolk de novo, even up
to day 10 of adulthood or later (Liang et al, 2014; Sornda
et al., 2019) as a result of the inappropriate continuation of the

brightfield

VIT-2::GFP

VIT-2::GFP

brightfield

i

Adult hermaphrodite day 1 Adult hermaphrodite day 8

FIGURE 3 | Yolk accumulates to pathological levels in post-reproductive
hermaphrodites. Brightfield and fluorescence images are shown of
hermaphrodites on adult day 1 or adult day 8 carrying a VIT-2:GFP
translational fusion. Scale bar, 50 wm. Reprinted from Perez (2018).
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programed massive yolk synthesis during the reproductive period
(Ackerman and Gems, 2012; Gems and de la Guardia, 2013). vit
RNAi extends lifespan (Murphy et al., 2003; Seah et al., 2016), and
it had been suggested that it does so by preventing lipotoxicity
associated with the accumulation of yolk during aging. However,
it is unclear whether knockdown of rme-2, which also leads to
build-up of yolk in extracellular spaces, reproducibly influences
lifespan (Seah et al., 2016; Dowen, 2019), casting doubt on the
significance of yolk toxicity in aging. This apparent contradiction
appears to be resolved by a study which suggests that it is not
toxic yolk accumulation which causes aging-related pathologies
but rather the autophagy-dependent degradation of the worm’s
intestinal tissues to fuel the continued massive production of yolk
(Ezcurra et al., 2018).

Vitellogenins Are Dispensable for

Embryonic Development in C. elegans
Although it has been widely assumed in the literature that
abundant vitellogenin expression is required for adult fertility
and embryonic viability, a body of evidence suggests this is not
the case. Vitellogenin knockdown in adulthood is reported to
have little impact on fecundity (Ezcurra et al., 2018). Likewise,
multiple mutants that almost completely abrogate synthesis of
all vitellogenins in the adult hermaphrodite have little or no
effect on brood size, reproductive timing or embryo viability
(Van Rompay et al., 2015). Viability is severely affected in
embryos of a rme-2 null mutant, rme-2(b1008), which appear
completely devoid of any detectable yolk, but 23% are still viable
(Grant and Hirsh, 1999), demonstrating that yolk is not strictly
required for embryogenesis. rme-2(b1008) hermaphrodites do
have a severely reduced brood size (78 compared to ~300 in
N2) (Grant and Hirsh, 1999), but the full brood size of almost-
yolkless mutants indicates that this is due to defects in ovulation
and fertilization. Many rme-2 oocytes are destroyed during
the passage through the spermatheca (Grant and Hirsh, 1999).
Chi and Reinke (2009) demonstrated that rme-2 was required
upstream of inositol triphosphate (IP3) signaling to control
proper dilation of the spermathecal valve. The low surviving
brood size phenotype of rme-2(b1008) mutants was dramatically
suppressed by introducing mutations in IP3 signaling. This
shows that many rme-2 mutant embryos die due to damage
to the oocyte during fertilization, rather than as a result
of alack of yolk.

Additionally, oocytes require polyunsaturated fatty acids
(PUFAs) supplied by yolk in order to produce hormonal signals,
likely prostaglandins (Edmonds et al., 2010), to attract sperm and
complete successful fertilization (Jacinto et al., 2004; Kubagawa
et al,, 2006). The migration of sperm toward oocytes is also
necessary for sperm to regain their position after being pushed
into the uterus by oocytes passing through the spermatheca.
Hermaphrodites with sperm guidance defects often exhibit a
reduced brood size due to consequent loss of self-sperm through
the vulva (Han et al., 2009), which may also contribute to the low
brood size of rme-2 null mutants. We speculate that in mutants
that almost abrogate yolk synthesis (Van Rompay et al., 2015),
the small amount of PUFAs delivered by the little remaining yolk

suffices to produce the necessary signal to attract sperm to the
oocyte and thus allow approximately normal brood sizes.

Vitellogenins Support Post-embryonic
Development and Can Mediate
Intergenerational Effects of Parental

Physiology

If yolk is largely dispensable for embryogenesis, why does
the worm expend so much energy producing it in staggering
quantities? The answer seems to be that abundant yolk supports
post-embryonic progeny survival and development. This was
originally suggested on the basis of the significant proportion of
yolk left in the larvae after embryogenesis has been completed
(Figure 4; Sharrock, 1983; Bossinger and Schierenberg, 2003).
Indeed, mutants defective in yolk synthesis (Van Rompay et al.,
2015), yolk endocytosis or appropriate yolk utilization (Chotard
et al., 2010) have impaired survival of larval starvation.

It was shown that embryonic vitellogenin titers increase with
maternal age during the reproductive period (Figure 5; Perez
et al., 2017). Low vitellogenin provisioning to the progeny of
young mothers leads to shorter length at hatching and larger
autofluorescent lysosome-related organelles, commonly known
as gut granules, with unknown physiological consequences (Perez
et al., 2017). This gut granule phenotype is grossly exaggerated
in larvae of rme-2 mutants (Figure 6; Perez, 2018) and may
result from a constraint on the surface area-to-volume ratio of
membrane-bound organelles due to limited maternal supply of
phospholipids, the major component of the lipids transported by
vitellogenin lipoprotein complexes (see Table 1). In addition to
larger size at hatching, the increased vitellogenin provisioning in
progeny of older mothers underlies a corresponding resistance
to L1 starvation. Worms that experience a long L1 starvation
often show defects in post-embryonic development. These defects

4-cell embryo

Immediately pre-hatch

FIGURE 4 | Substantial levels of vitellogenin remain after embryogenesis.
Vitellogenin visualized by immunofluorescence in an early embryo and in an
embryo immediately prior to hatching. Scale bar, 5 pm. Adapted from
Sharrock (1983).
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Older mothers 'V'°r? embryc_)nlc
vitellogenin

FIGURE 5 | Vitellogenin underlies the small size and susceptibility to L1 starvation of the progeny of young mothers. Vitellogenin provisioning to embryos increases
during the self-fertile reproductive period, possibly due to an increase in biosynthetic capacity in older, larger worms. As a result of their higher embryonic vitellogenin
titer, progeny of older mothers are larger at hatching, are more resistant to L1 starvation and reach adulthood sooner, even if the absence of starvation. Conversely
the early progeny coming from younger mothers, with the least embryonic vitellogenin, are impaired for these same traits.

are most commonly germline abnormalities, often leading to
complete sterility, but also include somatic defects such as
multivulva, protruding vulva or bursting. Worms hatched from
vitellogenin-depleted embryos, achieved by maternal knockdown

>

wildtype

w

rme-2(b1008)

FIGURE 6 | Autofluorescent gut granules are grossly enlarged upon hatching
in larvae mutant for the single yolk receptor, rme-2. (A) Blue autofluorescence
from lysosome-related organelles in newly hatched wildtype L1 larva.

(B) Newly hatched L1 larvae of rme-2(b7008) mutants, which lack any
detectable embryonic yolk, have very large lysosome-related organelles. This
may be due to the abrogation of phospholipid import by vitellogenin
lipoprotein complexes. The physiological consequences of this enlargement
are unknown. Scale bars main images 10 wm, insets 5 wm. Reprinted from
Perez (2018).

of either vitellogenins or rme-2, show an increased frequency
of these defects, including sterility, as do the progeny of young
mothers (Perez et al, 2017; Jordan et al., 2019). Accordingly,
progeny of young mothers, with reduced vitellogenin titers,
showed premature signs of aging (Roux et al,, 2016) during
L1 starvation (Olmedo et al, 2018). Increased embryonic
vitellogenin titers lead to reduced insulin-like signaling in
progeny, which mediates the supression of germline defects after
recovery from L1 starvation (Jordan et al., 2019) and may also
explain the supression of aging in starved Lls. Additionally,
increased vitellogenin in the embryos of older mothers explains
a shortening of the time taken to reach adulthood after hatching,
even in the absence of starvation (Perez et al., 2017). It was
shown that young maternal age and embryonic vitellogenin
depletion by rme-2 RNAi led to delayed adulthood after feeding
in previously-starved Lls not by accelerating the overall rate
of development but specifically prolonging the time required
to initiate development from the L1 stage (Olmedo et al,
2018). High levels of yolk provisioning thus improve offspring
outcomes, in both favorable and unfavorable conditions.

The “boom-and-bust” mode of rapid population growth on
ephemeral, dispersed resource patches (Félix and Braendle, 2010)
means few individuals will survive to proliferate outside their
“home” patch. Even when food is plentiful, competition will be
intense and a short generation time is crucial. Yolk supports
progeny survival in the absence of food and reduces the time
needed until a fed larva can produce her own eggs. The scale of
yolk production in C. elegans indicates that the worm places a
premium on the ability of its progeny to survive harsh conditions
and thrive in benign environments.

The example of maternal age illustrates that alteration
of vitellogenin provisioning also acts as an intergenerational
signal through which parental physiology can influence progeny
outcomes throughout development and into adulthood. Since
August Weismann proposed the concept of the separation
of the soma and the germline, biologists have tended to
consider the germline, and consequently the phenotypic traits
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of an individual’s descendants, as free from the influence
of the somatic tissues and thus much physiological and
environmental influence. In recent decades this view has been
challenged, with a focus on so-called epigenetic mechanisms of
inheritance, such as DNA methylation, chromatin modifications
or inheritance of small RNA populations, although the details
of how these inherited factors are influenced by somatic
tissues remain elusive (Perez and Lehner, 2019). It has thus
been overlooked that the process of vitellogenesis and oocyte
provisioning in almost all oviparous species represents a massive
and direct flow of matter from the soma into the germline,
with the obvious potential to alter progeny phenotypes as
demonstrated in C. elegans. Moreover, the huge metabolic cost
of vitellogenesis in the worm, and presumably many other
species, dictates that yolk production in hermaphrodites be
tightly controlled by a variety of conserved metabolic pathways
which are known to mediate the physiological response of
C. elegans to its environment, as covered in section “Regulation
of Vitellogenins in C. elegans,” of this review. Vitellogenins
thereby represent a likely intergenerational mechanism by which
the environment of C. elegans parents can act to influence
progeny phenotypes.

REGULATION OF VITELLOGENINS IN
C. elegans

The vitellogenins are subject to tight regulatory constraints;
their abundant expression needs to be confined in a tissue-,
stage- and sex- specific manner, limited to the intestine of
the adult hermaphrodite worm. As the metabolic cost of
abundant vitellogenin expression must be staggering, fine-tuning
of their expression is paramount; hence multiple regulatory
inputs exist, integrating signals stemming from nutritional status,
environmental conditions and extra-intestinal tissues (Figure 7).
It has often been stated in the literature that the promoters of
the vit genes are simple (e.g., MacMorris et al., 1992), but recent
extensive genetic dissection has found multiple regulators and
signaling pathways impinging directly and indirectly on only a
small section of the promoter of vit-2 (Goszczynski et al., 2016),
the most extensively studied of the vitellogenins.

Many studies have claimed to find differential regulation of
vitellogenins, but in the light of the recent findings by ourselves
and others that vitellogenin expression throughout adulthood
is highly dynamic (Perez et al., 2017; Ezcurra et al, 2018),
caution is required as the likelihood of artifacts is high in
any genetic or environmental context that alters developmental
timing. With noteworthy exceptions (e.g., Van Rompay et al,,
2015; Goszczynski et al., 2016) few studies have explicitly
controlled for this.

Of note, it is important to distinguish carefully between
vitellogenin expression in adults and vitellogenin titers in
embryos when discussing the impacts of signaling pathways or
genetic regulators. It is possible for a perturbation to influence
expression and provisioning in seemingly contradictory ways, if
the perturbation also changes the rate of embryo production at
a given point in time (Perez, 2018). For example, this appears

to be the case for dietary restriction, which has been reported
to suppress vitellogenin expression in adults (Seah et al., 2016)
but increase vitellogenin titers in embryos (Jordan et al., 2019),
likely due to a concurrent reduction in the production of embryos
(Hibshman et al.,, 2016). In these sections, we refer to the
regulation of vitellogenin expression in adults unlesss specifically
noted otherwise.

First we will look at the basic logic of the regulation of
vitellogenins, which determines the localization and timing of
their expression. To continue, we will look at the major signaling
pathways that have been identified as regulating vitellogenins.
We will also briefly touch on how other tissues, through
these pathways or others, can exert influence on vitellogenin
expression in the intestine. Lastly, we mention a few of the
environmental influences that have been shown to influence
vitellogenin expression.

Tissue-, Stage- and Sex-Specific
Regulation

The primary regulatory logic of high yolk expression in a
tissue-, stage- and sex-specific manner can be recapitulated
with only 247 bp of the vit-2 promoter (MacMorris et al.,
1992). Even a minimal 44 bp enhancer region from the vit-2
promoter 145-188 bp upstream of the initiation codon allows
for full recapitulation of sex- and tissue-specificity and partial
recapitulation of stage-specificity, with only weak expression
evident in developing larvae (Goszczynski et al., 2016).

Three functionally associated sequence elements are found
in the vitellogenin promoters. Two have been christened vit
promoter elements, VPE1 (TGTCAAT) and VPE2 (CTGATAA;
MacMorris et al., 1992), while the third is a direct binding site for
the transcription factor MAB-3 [AATGTTGCGA(T/A)NT; Shen
and Hodgkin, 1988; Yi and Zarkower, 1999]. Remarkably there
is considerable conservation of these promoter elements across
vast phylogenetic distances - the exact VPE2 sequence is found
upstream of vitellogenin genes in Xenopus laevis and Gallus
gallus, with very similar sequences also found in Drosophila
melanogaster (Spieth et al., 1985).

VPE2 confers abundant expression in a tissue-specific
manner. VPE2 is directly bound by the intestinal master regulator
ELT-2 (McGhee et al., 2007). Knockdown of elt-2 in young adult
worms strongly reduces expression from a 44 bp enhancer region
of the vit-2 promoter (Goszczynski et al., 2016).

VPE1 is bound by an isoform of the transcription factor
UNC-62, which is necessary for vitellogenin expression. Isoform-
specific RNAI targeting unc-62a reduces vitellogenin expression
between four- and 10-fold (Van Nostrand et al., 2013). As unc-62a
undergoes a dramatic increase in intestine-specific expression
between the L3 stage and adulthood (Van Nostrand et al., 2013)
it likely confers some stage-specificity, although Goszczynski
et al. (2016) found that a 44 bp promoter element that does not
contain VPEI still recapitulated stage-specificity to some extent.
UNC-62 has been proposed to regulate vitellogenesis as part of
a multimeric complex with another transcription factor, CEH-
60 (see section “Other Regulators”), and possibly PQM-1 (see
section Regulation by SKN-1; Dowen, 2019).
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FIGURE 7 | The regulation of vitellogenin genes is affected by various physiological and environmental conditions upstream of a multitude of signaling pathways. In
the figure, physiological or environmental factors known to influence vitellogenin expression are seen in the outermost blue circle. In the intermediate orange circle
are shown the various described genetic regulators or signaling pathways (bold), many of which have been shown to mediate physiological or environmental effects.

Together these regulators tightly control the abundant and metabolically costly expression of the vitellogenin genes (represented by the central red circle).

Sex-specificity is conferred by the MAB-3 binding site, as
mab-3 mutant males accumulate yolk (Yi and Zarkower, 1999).
mab-3 is homologous to the Doublesex gene of D. melanogaster,
which also represses yolk protein transcription (Yi and Zarkower,
1999). MAB-3 has been shown experimentally to act directly
on the C. elegans vit-2 promoter, but all vitellogenins contain
potential MAB-3 binding sites and all are deregulated in mab-
3 loss of function mutants (Yi and Zarkower, 1999). Direct
MAB-3 binding may inhibit activation by elt-2 or unc-62
(Goszczynski et al., 2016). mab-3 acts in the sex determination
pathway downstream of tra-1, which blocks mab-3 activity
in hermaphrodites and thus relieves the repression of the
vitellogenins. Curiously, in a mab-3 mutant background different
tra-1 alleles have different effects on the relative abundances of
the yolk proteins, suggesting that tra-1 also acts independently of
mab-3 to influence synthesis of specific vitellogenins (Shen and
Hodgkin, 1988). Surprisingly, Goszczynski et al. (2016) found
that removal of the MAB-3 binding site abolished expression
driven by a 44 bp enhancer element of the vit-2 promoter in both

sexes, suggesting an additional unknown regulator necessary for
expression also binds to this sequence element.

Regulation by Signaling Pathways

Here we discuss regulation of vitellogenins at the level of
individual signaling pathways, although one must bear in
mind the extensive and complex interactions that can exist
between various pathways. For example, there is extensive
cross-talk between the insulin-like signaling and TOR pathways
(Narasimhan et al., 2009), with TOR acting both downstream
and parallel to insulin-like signaling (Baumeister et al., 2006).
Interaction between signaling pathways can be relevant in some
tissues or processes but not others (Qi et al., 2017), with various
pathways converging on the same downstream targets, such as
sgk-1 and skn-1 (Robida-Stubbs et al., 2012).

Insulin/Insulin-Like Growth Factor Signaling (IIS)
The widely-studied IIS pathway plays a crucial role in the
response of C. elegans to environmental conditions, such

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 1067


https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Perez and Lehner

Vitellogenins in C. elegans

as nutrient availability and various stressors. In turn, IIS
regulates pivotal life-history decisions for individual worms,
notably L1 and dauer arrest (reviewed in Murphy and
Hu, 2013; Baugh, 2013). DAF-2, orthologous to the human
insulin receptor, is bound by a plethora of insulin-like
peptides, both agonists and antagonists (Murphy, 2006),
which lead, via a phosphatidylinositol (3,4,5)-trisphosphate
(PIP3) signaling cascade, to phosphorylation and consequent
cytoplasmic localization of the master stress regulator DAF-16.
In the absence of signaling by DAF-2, DAF-16 enters the nucleus
and directly or indirectly modulates the expression of thousands
of downstream target genes (Murphy, 2006).

The IIS pathway has widely been reported as a repressor of
vitellogenins. Multiple studies, particularly of the aging process
in daf-2 mutants, have found that IIS mutants exhibit reduced
vitellogenin transcription and accumulation in older worms
(Murphy et al, 2003; DePina et al, 2011). This was even
suggested to partially mediate the longevity of daf-2 worms,
given that vitellogenin knockdown by RNAi can extend lifespan
(Murphy et al., 2003).

DePina et al. (2011) tackled the subject of IIS regulation of
vitellogenesis most directly. In worms carrying the pleiotropic
class II daf-2 mutant allele eI1370 (Gems et al., 1998), yolk
protein levels were observed to be lower than wildtype, in a daf-
16 dependent manner. However, vitellogenin transcription was
similar in daf-2 mutant and wildtype worms during the self-fertile
reproductive period. The authors infer daf-16-dependent post-
transcriptional regulation of yolk protein production. However,
it is unclear in this study whether the daf-16-dependent extended
reproductive span of daf-2 mutants (Murphy et al., 2003), which
would delay the post-reproductive accumulation of vitellogenins
(McGee et al., 2011), may contribute to the apparent difference
compared to wildtype worms.

In a thorough dissection of regulatory inputs impinging on
a 44 bp “enhancer” element of the vit-2 promoter, Goszczynski
et al. (2016) found that daf-2 loss of function abolished
transcriptional output from the enhancer element in a daf-
16 dependent manner. Furthermore, a daf-16 null mutant
had higher expression driven by the enhancer, suggesting
constitutive repression of this element by the IIS pathway. Indeed,
they found that both DAF-16 DNA-binding isoforms bound
directly to the 44 bp enhancer sequence in vitro, although
no prior studies had identified vitellogenins as sites of DAF-
16 binding in vivo using either ChIP-seq (Oh et al., 2006) or
DNA adenine methyltransferase identification (DamID; Schuster
et al, 2010). daf-2 was found to exert its influence in a cell
non-autonomous manner, as intestine-specific daf-2 RNAi did
not abolish transcription; this is consistent with the reported
expression pattern of daf-2, which is expressed mainly in neurons
(Li et al, 2014) and the germline (Honnen et al, 2012). In
contrast, intestinal daf-16 RNAI partially restores expression in
the context of daf-2 loss of function. This indicates that while
there is likely some direct repression of vitellogenins by daf-16,
some degree of repression comes from daf-16 activity in other
tissues, presumably via cross-talk with other signaling pathways.
These results support the notion that IIS is a major regulator of
vitellogenesis in C. elegans.

However, the same authors also found that despite abolishing
expression from the 44 bp enhancer, daf-2 RNAI had virtually
no effect on expression driven by the full 2.7 kb vit-2 promoter
region. The authors conclude that although IIS acts strongly on
the 44 bp enhancer, there are likely numerous other signaling
pathways converging on the full promoter region, leading to
the influence of IIS on vitellogenesis in early adulthood being
modest, at most. How to reconcile this with their own results,
and the previous consensus of vitellogenins as IIS targets?
Characterization of vitellogenins as IIS targets has been largely
based on expression studies of aging worms. The notion that IIS
plays a major role in the regulation of vitellogenins in the context
of post-reproductive yolk accumulation is thus compatible with
the idea that it has a minor role, as one of many regulatory players,
in vitellogenesis during the reproductive period. Consistent with
this idea, a meta-analysis of daf-16 loss of function expression
studies found the regulatory association with vitellogenins to be
weak and inconsistent (Tepper et al., 2013).

Embryonic vitellogenin titers are increased in mothers with
reduced IIS signaling (Jordan et al,, 2019), although the extent
of this increase may change with maternal age (Perez, 2018).

TGF-B Signaling

The TGF-B superfamily is an extensive class of secreted ligands
that play fundamental roles in animal physiology, development
and growth. In C. elegans two parallel, distinct branches of TGF-
B signaling have been characterized - the dauer pathway and
the Sma/Mab pathway. Both pathways share the single type II
receptor, DAF-4, with specificity of input provided by distinct
ligands and type I receptors and specificity of output provided
by distinct suites of downstream intracellular signal transducer,
the SMADs, and associated transcription factors (Gumienny and
Savage-Dunn, 2013). Alongside other signaling pathways, the
dauer TGF-P pathway plays a key role in the determination of
whether or not to enter the dauer diapause, a decision based on
environmental and nutritional status in early development. Loss
of signaling results in dauer-constitutive phenotypes.

The Sma/Mab TGF-B signaling pathway regulates post-
embryonic growth (Savage-Dunn et al, 2000), germline
maintenance and reproductive aging (Luo et al., 2010) and some
aspects of male development (Savage et al., 1996). The ligand
for this pathway is DBL-1; dbl-1 loss of function leads to small
mutants with reduced body size, while dbl-1 overexpression
results in abnormally long worms (Suzuki et al., 1999). dbl-1 is
expressed principally in neurons (Ramakrishnan et al., 2014).
DBL-1 signaling is potentiated by a transmembrane protein
SMA-10, which binds to the type I and type II receptors SMA-6
and DAF-4 (Gumienny et al., 2010). SMA-6 phosphorylates
the R-SMADs SMA-2 and SMA-3, which associate with the
Co-SMAD SMA-4 to influence transcription. No activity of
sma-2, sma-3 or sma-4 can be detected in the absence of any one
of the three genes, suggesting that they form a heterotrimeric
complex (Savage-Dunn et al., 2000). A subset of Sma/Mab targets
require the transcriptional co-factor sma-9, encoding a large
zinc finger transcription factor homologous to Schnurri from
D. melanogaster (Liang et al., 2003). Transcriptional targets
include lon-1, which when mutated suppresses the body size
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phenotype of sma mutants (Maduzia et al., 2002). Activity of
the pathway in the hypodermis is necessary and sufficient for
determining body size phenotypes (Wang et al., 2002).

In an attempt to identify additional transcription factors that
interact with the MAB-3 binding site of the 44 bp enhancer
element from the vit-2 promoter, Goszczynski et al. (2016)
performed an RNAI screen, targeting 167 of the approximately
200 transcription factors thought to be active in the C. elegans
intestine. They found a strong repression of transcription
resulting from knockdown of the Sma/Mab Co-SMAD sma-4,
implying that TGF-B signaling promotes vitellogenesis. Indeed,
subsequent knockdown of dbl-1, daf-4, sma-6, sma-10, sma-
2, sma-3, and sma-9 all produced a strong repression of
transcriptional output from the enhancer element. Intestine-
specific RNAI indicated that all of these components acted
within the intestine, except for dbl-1, consistent with its
neuronal expression pattern. Importantly these experiments were
conducted with concurrent lon-1 RNAI, in order to exclude
body size as a confounding factor. Similar results were obtained
using either 247 bp or 2.7 kb stretches of the vit-2 promoter.
The authors were unable to find a direct association of SMADs
or SMA-9 with the 44 bp enhancer element, demonstrating
that this regulation is likely to be indirect. The suppression
of transcriptional output from the full vit-2 promoter by
knockdown of sma-9 was ~40%, suggesting that while important,
TGF-B signaling exerts a quantitative influence on vitellogenesis
in concert with other signaling pathways.

Target-of-Rapamycin (TOR) Signaling
Originally discovered as the protein inhibited by the potent
antifungal compound rapamycin, TOR (target of rapamycin)
kinase, a serine/threonine kinase of the phosphatidylinositol
kinase-related kinase (PIKK) family, is a ubiquitous central
regulator of growth in eukaryotes. Every eukaryotic genome
examined, bar a handful of fungal pathogens (Shertz et al., 2010),
contains a TOR gene (Wullschleger et al., 2006). TOR kinase
integrates inputs from growth factors, availability of nutrients
(especially amino acids), energy levels and stress conditions, and
in turn coordinates transcription and translation, ribosome bio-
genesis, metabolism and autophagy (Wullschleger et al., 2006).
Target-of-Rapamycin kinase participates in two protein
complexes, TORC1 and TORC2, defined in part by TOR’s
interaction with two mutually exclusive binding partners, Raptor
and Rictor, respectively (Jacinto et al., 2004; Sarbassov et al.,
2004). TORC1 controls temporal aspects of growth in yeast and
mammalian embryogenesis (Wullschleger et al., 2006); TORC2,
in contrast, is known to affect spatial aspects of growth by
regulation of the actin cytoskeleton (Sarbassov et al., 2004).
In C. elegans, TORC2 phosphorylates and activates PDK-1,
AKT-1, and AKT-2 (Jones et al., 2009), components of the PIP3
signaling cascade linking DAF-2 signaling to DAF-16 activity
(Murphy and Hu, 2013), among other targets. However, the
principal downstream effector of most of the phenotypes that
manifest in rictor mutants with compromised TORC2 activity
is the serum and glucocorticoid-induced kinase, SGK-1 (Jones
et al, 2009; Soukas et al., 2009), which also acts in the IIS
pathway downstream of PIP3 signaling (Murphy and Hu, 2013).

SGK-1 is also capable of phosphorylating DAF-16 in vitro
(Hertweck et al., 2004).

In a reverse genetic screen for activators of transcriptional
output from the vit-3 promoter at the L4 to adult transition,
Dowen et al. (2016) identified mutations in alg-1, an Argonaute
protein involved in microRNA (miRNA) biogenesis that acts in
the hypodermis to promote vitellogenesis (reviewed in section
“Hypodermis”). The screen also identified a mutation in sgk-1
that led to repression of the vit-3 promoter. sgk-1 is an excellent
candidate for a regulator of vitellogenesis, as it is expressed
exclusively in the adult intestine and neurons (Hertweck et al.,
2004). It was found that an sgk-1 gain-of-function mutation could
rescue the vitellogenesis defects of mutants in the hypodermal
miRNA pathway. As mutations in the PIP3 signaling modulator
daf-18 (the C. elegans ortholog of human phosphatase and tensin
homolog, PTEN) could not rescue expression from the vit-
3 promoter in a hypodermal miRNA pathway mutant, it was
determined that this pathway did not act via the IIS pathway.
Likewise, the influence of sgk-1 on the vit-3 promoter was daf-
16 independent.

Intestinal RNAi against let-363, encoding the C. elegans
homolog of TOR kinase, strongly repressed the vit-3 promoter.
Knockdown of the TORC2 components rict-1 (rictor) and sinh-
I, but not TORCI-specific components, repressed vitellogenesis,
suggesting that TORC2 promotes vitellogenesis through its
primary target, SGK-1. Via a forward genetic screen in the sgk-
I mutant background, it was found that SGK-1 acts through
PQM-1, a nematode-specific zinc finger transcription factor
(Dowen et al., 2016).

pgm-1 was previously characterized in a search for the
mechanism by which daf-16 appeared to repress a large class
of downstream targets, despite being a direct transcriptional
activator. These targets are strongly enriched for intestinal
genes and share a DNA motif, dubbed the daf-16 associated
element (DAE) that is bound by PQM-1 (Tepper et al,
2013). Like DAF-16, PQM-1 undergoes a shift in subcellular
localization under stress conditions, but curiously exhibits an
opposite and mutually antagonistic shift; when DAF-16 is
largely cytoplasmic PQM-1 is found in the nucleus, while
nuclear DAF-16 promotes the cytoplasmic localization of PQM-
1 (Tepper et al, 2013). PQM-1 undergoes a progressive
shift from nuclear to cytoplasmic localization as worms
reach adulthood (Dowen et al, 2016) that continues during
adult aging (Tepper et al, 2013). ChIP-seq data indicate
that PQM-1 binds upstream of sgk-1 (Tepper et al, 2013),
suggesting that feedback mechanisms modulate the activity of the
signaling pathway.

Dowen et al. (2016) found that when the function of sgk-1
or hypodermal miRNA pathway components was lost, PQM-1
was inappropriately maintained in the nucleus during adulthood.
These knockdowns also caused reduced intestinal fat stores,
as determined by staining with the lipophilic dye Oil Red O,
suggesting a wider disruption of lipid metabolism as a result of
the perturbation of hypodermis to TORC2 signaling. It was later
proposed that pgm-1 functions in concert with ceh-60 (see section
“Other Regulators”), and possibly unc-62 (see section “Tissue-,
Stage- and Sex-Specific Regulation”; Dowen, 2019).
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sgk-1 was independently identified as an activator of vit-2 in
response to high concentrations of iron (Wang et al., 2016).

Regulation by SKN-1

skn-1 encodes a transcription factor, distantly homologous to
mammalian Nrf proteins. In addition to a role in embryonic
development, skn-1 coordinates systemic detoxification
responses under normal conditions or in response to acute
oxidative stress (An and Blackwell, 2003; Oliveira et al., 2009).
skn-1 may also play a broader role in coordinating lipid
homeostasis (Steinbaugh et al., 2015). skn-I is known to be a
downstream target of both the IIS and TOR pathways (Tullet
et al., 2008; Robida-Stubbs et al., 2012). skn-1 likely plays a role
in regulating the vitellogenins, and vice versa.

Lynn et al. (2015) described how, in skn-1 gain-of-function
mutants, lipid stores are transferred to the germline from
the intestine rapidly after the cessation of reproduction, a
phenomenon christened “age-dependent somatic depletion of
fat” or ASDF (Figure 8). RNAI against vitellogenins prevents
ASDE, suggesting that vitellogenins act as the mechanism
by which skn-1 causes intestinal depletion and germline
accumulation of lipid stores. Specific lipids also regulate ASDF
- dietary supplementation of the monounsaturated fatty acid
(MUFA) oleic acid, lacking in skn-1 gain-of-function mutants,
could suppress ASDF.

In turn, vitellogenin accumulation in the worm may influence
skn-1 activity. The longevity phenotype of germline-less glp-
I mutants requires skn-1. Steinbaugh et al. (2015) suggested
that the pseudocoelomic accumulation of yolk in glp-1 mutants
caused by the removal of the yolk sink induces a stress response
mediated by skn-1, resulting in the longevity phenotype. Indeed,
knockdown of the yolk receptor rme-2, also causing yolk build
up in the pseudocoelom, induced nuclear accumulation of SKN-
1 and increased stress resistance, although studies disagree
on the effect of rme-2 RNAi on longevity (Seah et al., 2016;
Dowen, 2019).

Other Regulators
mafr-1 encodes a conserved corepressor of RNA pol III
transcription. By its repression of tRNA and ribosomal

Wild type

SKN-1gf

FIGURE 8 | Age-dependent somatic depletion of fat in skn-1 gain of function
mutants. Fixed post-reproductive worms are stained with Oil Red O, a lipid
stain. Arrows indicate soma and arrowheads indicate germline. (A,B), wildtype
worms. (C,D), skn-1 gain of function mutant. Scale bars, 100 wm. Reprinted
from Lynn et al. (2015).

RNA synthesis it affects the biosynthetic capacity of an
organism - indeed in worms mafr-1 RNAI increases body size,
while overexpression reduces it (Khanna et al., 2014). mafr-1
can act downstream of TORCI signaling (Pradhan et al., 2017).
mafr-1 also regulates selected RNA pol IT transcripts, among them
the vitellogenins that are repressed by mafr-1 (Khanna et al,
2014; Pradhan et al., 2017). mafr-1 knockdown or overexpression
altered the total lipid storage of worms. Mutations in either daf-18
or daf-16 abrogate the effect of mafr-1 alteration on lipid stores,
so mafr-1 likely acts upstream of the IIS pathway to regulate lipid
homeostasis. However, in a daf-16 mutant background mafr-1
RNAi still upregulated vit-2, vit-4, and vit-5 but curiously not vit-
6, suggesting differential regulation by IIS of the most diverged
member of the vitellogenins (Khanna et al., 2014).

kri-1 is a conserved gene with ankyrin repeats originally
identified in reverse genetic screens for genes required for daf-16
dependent lifespan extension in response to germline loss. In this
capacity kri-1 functions to promote DAF-16 nuclear localization
in the intestine (Berman and Kenyon, 2006). Goszczynski et al.
(2016) found that kri-1 knockdown in the intestine strongly
repressed the vit-2 promoter and endogenous vit-2 transcripts in
a daf-16 independent manner.

Goszezynski et al. (2016) also identified a forkhead-domain
transcription factor, FKH-9, as a direct transcriptional activator
for the 44 bp enhancer element of the vit-2 promoter, with
a binding site between the ELT-2 and MAB-3 binding sites.
However, the effect of fkh-9 RNAI on the full 2.7 kb promoter
region was undetectable.

Van Rompay et al. (2015) identified Irp-2 as a necessary
activator of vit-2 expression in a forward genetic screen. Irp-2 is a
member of the LDL receptor superfamily with a wide expression
pattern, detected in body wall muscle, hypodermis and neurons.
Irp-2 has a largely flat expression profile during development,
with a spike in expression evident around the L3-L4 molt. Irp-
2 mutants retain eggs, resulting in “bag-of-worms” phenotype
in which internal hatching of larvae kills the mother, who is
consumed from the inside by her larvae.

Van Rompay et al. (2015) also identified another regulator
of vitellogenesis, ceh-60, which was later independently verified
(Dowen et al., 2016; Dowen, 2019). ceh-60 encodes a DNA
binding homeobox protein which acts cell-autonomously in the
intestine to regulate vitellogenesis and interacts directly with
both UNC-62 (see section “Tissue-, Stage- and Sex-Specific
Regulation”) and PQM-1 (see section “Target-of-Rapamycin
(TOR) Signaling”). CEH-60 binds directly to the promoters of
the vitellogenins (Dowen, 2019). Van Rompay et al. (2015) also
identified a novel protein-encoding gene, vrp-1 (vitellogenin
regulating protein 1), which is expressed in intestinal nuclei and
is regulated by, and in turn regulates, ceh-60. Both genes display
expression spikes around the L3-14 and L4-adult molts, and both
mutants fail to activate vitellogenesis at the latter molt. ceh-60
mutants have very strongly reduced survival of L1 starvation,
likely mediated by lack of maternal vitellogenin production.

Regulation by Extra-Intestinal Tissues

Many signaling pathways act systemically, with various
components of the pathway, as constructed by classical genetics,
actually operating within different tissues (Libina et al., 2003).
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Here we briefly highlight control of vitellogenin expression
in the intestine by other tissues, presumably operating
through signaling pathways already reviewed or as-yet
undiscovered mechanisms.

Nervous System

As the proximal sites of environmental sensing, neurons are likely
to be important in the fine-tuning of vitellogenesis by various
pathways in response to environmental conditions. Indeed, the
expression of the Sma/Mab TGF-f pathway ligand dbl-1 and
the insulin receptor homolog daf-2 are largely neuronal (Li
et al., 2014; Ramakrishnan et al., 2014). dbl-1 has been shown
to influence vitellogenin expression in a cell non-autonomous
manner (Goszczynski et al., 2016).

Another regulator of vitellogenins, ceh-60, was proposed by
Van Rompay et al. (2015) to act in neurons based on the apparent
localization of a fluorescent reporter gene exclusively to the
chemosensory neurons. However, ceh-60 was later shown to be
also expressed in the intestine and to regulate vitellogenesis cell-
autonomously (Dowen, 2019; see section “Other Regulators”).

Hypodermis

The hypodermis is important for regulating the timing
of developmental events in C. elegans - many so-called
“heterochronic” mutants act in the hypodermis to control
the timing of adult cell fate determination (Vella and Slack,
2005). The hypodermis is also important for the initiation of
vitellogenesis in the intestine at the L4-adult molt.

In a forward genetic screen for regulators of the vit-3 promo-
ter, Dowen et al. (2016) found alg-1, an Argonaute protein
that is an essential cofactor for miRNA biogenesis. miRNAs
are short RNA molecules (around 22 nt in length) that bind
to 3’ untranslated regions (UTRs) to negatively regulate their
target mRNAs (Bartel, 2004). This led them to investigate
the role of miRNAs in the initiation of vitellogenesis. lin-4
and let-7 are miRNAs that regulate the L1-L2 molt and L4-
adult molt, respectively. While let-7 has a broader expression
pattern, lin-4 expression is confined to neurons and the
hypodermis. Loss-of-function mutants for both lin-4 and let-7
fail to initiate vitellogenesis at the L4-adult molt. Knockdown
of the downstream mRNA targets negatively regulated by
these miRNAs could partially rescue expression from the vit-
3 promoter.

lin-29 encodes a zinc transcription factor normally expressed
in the hypodermis during the L4 stage as the culmination of
sequential miRNA expression during development. lin-4 and let-7
mutants do not express lin-29 at the L4 stage. RNAi against lin-29
in the hypodermis, but not the intestine, caused failure to initiate
vitellogenesis at the L4-adult molt. Likewise, expression of let-7
under a hypodermal promoter, but not an intestinal promoter,
could rescue the vitellogenesis defect of a let-7 null mutant.
Surprisingly hypodermal or intestinal expression of lin-29 could
rescue a [in-29 null mutant, implying that although lin-29 is only
expressed in the hypodermis, it acts through a regulator that can
influence vitellogenesis in either a cell-autonomous or cell non-
autonomous manner. The authors ultimately found that lin-29
in the hypodermis activates the sgk-1 kinase through TORC2
signaling in the intestine, as reviewed above.

Germline

The germline can exert a profound influence on somatic
tissues, as demonstrated by the longevity of germline-less glp-1I
mutants. We have already seen that a component of the
“germline pathway” required for this longevity, kri-1, acts in
the intestine to promote vitellogenesis, although it is not clear
whether it responds in this context to extra-intestinal signaling
(Berman and Kenyon, 2006; Goszczynski et al., 2016). However,
some instances of regulation of vitellogenesis by the germline
have been described.

In a forward genetic screen for receptor-mediated endocytosis
mutants that accumulate yolk at high levels in the pseudocoelom,
Balklava et al. (2016) identified pitr-1, encoding an inorganic
phosphate membrane transporter. Surprisingly, rather than
disrupting yolk endocytosis, this mutant caused yolk build-up by
increased vitellogenin expression at both the mRNA and protein
levels. This effect was corroborated with a second null allele and
systemic RNAI against pitr-1. pitr-1 mutants also had a low brood
size and partial penetrance of embryonic inviability.

Examining the expression pattern of pitr-1, the authors
found the bulk of expression occurred in the germline at
all developmental stages. Exclusive expression in the germline
under a pie-1 promoter could rescue the brood size defect and,
incredibly, restored normal expression levels of vitellogenin,
although embryonic viability was unaffected. This result
suggests the existence of an uncharacterized pathway that
requires this phosphate transporter in order to transduce
signals from the germline to the intestine, thereby repressing
vitellogenin expression.

DePina et al. (2011) also found that the germline can affect
vitellogenin transcription. In fem-1 mutants with a feminized
germline, vitellogenin transcription was repressed, although
protein levels appeared to be unaffected. fem-3 mutants with a
masculinized germline exhibited normal levels of transcription.
This suggests the existence of a sperm-derived signal that
promotes vitellogenin transcription.

Environmental Regulation

Mating

DePina et al. (2011) found that mating increased transcription
of vitellogenins and prevented the age-related decline of mRNA
levels in a daf-2 independent manner. Protein levels did
not appear to be affected, although this may be a result of
the extended reproductive span of outcrossed hermaphrodites,
as suggested in section “Insulin/Insulin-Like Growth Factor
Signaling (IIS),” for daf-2 mutants. These results are consistent
with the repression of vitellogenin transcription in the absence
of sperm in fem-I mutants (see section “Germline”). However,
as other physiological effects apparently caused by mating can be
induced merely by male-conditioned media (Maures et al., 2014),
this stimulation of vitellogenin transcription upon mating may be
due to the presence of males rather than a sperm-derived signal,
as the authors suggest.

Surprisingly, mating can affect vitellogenin expression in
males. Shi et al. (2017) demonstrated that, as in hermaphrodites
(Shi and Murphy, 2014), mating causes males to shrink and
die. Both expression profiling by microarrays and a vit-2:gfp
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transgene indicated germline-dependent ectopic expression
of vitellogenin in mated males. The reduced lifespan of
mated males was found to be dependent on wunc-62 and
pqm-1, both established regulators of vitellogenins (see sections
“Tissue-, Stage- and Sex-Specific Regulation” and “Target-of-
Rapamycin (TOR) Signaling,” respectively), although the effect of
mutations in these genes on ectopic vitellogenin expression was
not shown directly.

Ancestral Experience

Rechavi et al. (2014) found that ancestral experience of starvation
can influence expression of vitellogenins. The authors starved
L1 larvae for 6 days before recovery and sequenced small
RNAs in these worms and in subsequent generations. Strikingly,
differentially expressed heritable small RNAs aligned antisense
to all 6 vitellogenin genes in the F3 progeny, indicating that an
inter-generational memory of starvation influences vitellogenin
expression. The authors suggested that double stranded RNA
normally required for biogenesis of small RNAs could be derived
from transcription of genes or non-coding RNAs lying on
the opposite DNA strand near the 5 or 3’ends of all of the
vitellogenin coding sequences. Inheritance of differential small
RNA expression required the genes hrde-1 and rde-4. Despite the
number of inherited small RNAs complementary to all of the
vitellogenins, only vit-4 appeared to be differentially expressed
in the parental and F3 generations, suggesting that the effect
of transgenerational memory of environmental experience on
vitellogenin expression is modest.

Oxidative Stress

As reviewed in section “Regulation by SKN-1," in skn-I gain-
of-function mutants vitellogenins mediate the age-dependent
depletion of somatic fat, or ASDF. In wildtype worms a full-
scale ASDF response is induced within 12 h of exposure to
hydrogen peroxide. Conversely, antioxidant treatment leads to
accumulation of excess somatic fat (Lynn et al., 2015). These
results suggest that skn-I regulates vitellogenin mobilization as
part of a response to acute oxidative stress.

POSSIBLE ALTERNATIVE FUNCTIONS
OF VITELLOGENINS IN C. elegans

The presence of multiple vitellogenin paralogs in the C. elegans
genome, and the substantial sequence divergence of vit-6,
suggests the possibility of their co-option for other functions
(Tufail and Takeda, 2008). Another indication that this may be
the case is the expression of vitellogenins in males to a similar
degree as in hermaphrodites at the L4 stage (Celniker et al,
2009). In the light of the various alternative functions known in
other taxa (reviewed above), it is tempting to speculate on what
other physiological or regulatory roles C. elegans vitellogenins
may play. However, few papers have described any secondary
functions for vitellogenins in worms.

As in the honeybee A. mellifera (Seehuus et al, 2006),
vitellogenins may provide an antioxidant capacity in worms.
Nakamura et al. (1999) found that vit-6 was preferentially
carbonylated in aging worms, suggesting a protective role. Sornda

et al. (2019) found that vit-6 protects against oxidative stress,
although vit-1 to -5 appeared to offer no protection. The idea of
vitellogenins as antioxidants is also consistent with the dramatic
mobilization of somatic fat in response to hydrogen peroxide,
which may indicate secretion of vitellogenins as part of an acute
oxidative stress response (Lynn et al.,, 2015). Support for this
hypothesis from other studies is mixed (Inoue and Nishida, 2010;
Fischer et al., 2013, 2014).

Only a single paper has suggested that vitellogenins act directly
against pathogens in worms (Fischer et al, 2013). Since in
adult hermaphrodites vitellogenins are found in pseudocoelomic
circulation, vitellogenin function as an opsonin, as in fish (Liu
et al., 2009), could facilitate phagocytosis of pathogens by the
coelomocytes, scavenging cells anchored in the pseudocoelom.
Additionally, vitellogenin uptake could hypothetically serve as an
intergenerational immunity signal. Marré et al. (2016) found that
exogenous dsRNA can be exported from the intestine and taken
up along with yolk in an rme-2 dependent manner, although this
effect was not necessarily due to direct binding to vitellogenins
as fluorescent dye injected into the pseudocoelom was also
taken up. This non-specific uptake of pseudocoelomic contents
could include pathogen-associated molecular patterns (PAMPs)
or pathogen-derived nucleic acids in systemic circulation,
thereby priming progeny innate immunity, as in A. mellifera
(Salmela et al., 2015).

SUMMARY

Vitellogenins are yolk proteins found in almost all oviparous
taxa. They transport a variety of lipids and micronutrients from
adult tissues to oocytes. In addition, they can have other roles,
in immune function, oxidative damage protection or social
regulation. In C. elegans, 6 vitellogenin genes are very highly
expressed in the intestine, although they do not appear to be
strictly required for embryonic development. Rather, vitellogenin
provisioning can impact on post-embryonic phenotypes and
represent an intergenerational mechanism by which parental
physiology can influence progeny outcomes. Indeed, the massive
expression of C. elegans vitellogenins is regulated by various
signaling pathways, such as the IIS, TOR, and TGF-B pathways,
acting in the intestine or in extra-intestinal tissues, and can also be
regulated by environmental experience. In C. elegans, alternative
functions of vitellogenins, besides nutrient provisioning to
progeny, are unclear and warrant further investigation.

AUTHOR’S NOTE

Figures 1, 2, 3, and 6 originally appeared in MP’s doctoral thesis
submitted to Pompeu Fabra University (UPF), Barcelona.

AUTHOR CONTRIBUTIONS

MP wrote the first draft of the text which was revised and
edited by BL. Both authors listed have made a substantial,
direct and intellectual contribution to the work, and approved it
for publication.

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 1067


https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Perez and Lehner

Vitellogenins in C. elegans

FUNDING

The work in BLs lab was supported by a European Research
Council (ERC) Consolidator Grant (616434), the Spanish
Ministry of Economy and Competitiveness (BFU2017-89488-P

REFERENCES

Ackerman, D., and Gems, D. (2012). The mystery of C. elegans aging: an emerging
role for fat. Bioessays 34, 466-471. doi: 10.1002/bies.201100189

Amdam, G. V., Simdes, Z. L., Hagen, A., Norberg, K., Schroder, K., Mikkelsen,
@, et al. (2004). Hormonal control of the yolk precursor vitellogenin regulates
immune function and longevity in honeybees. Exp. Gerontol. 39, 767-773.
doi: 10.1016/j.exger.2004.02.010

An, J. H.,, and Blackwell, T. K. (2003). SKN-1 links C. elegans mesendodermal
specification to a conserved oxidative stress response. Genes Dev. 17, 1882-
1893. doi: 10.1101/gad.1107803

Baker, M. E. (1988). Is vitellogenin an ancestor of apolipoprotein B-100 of human
low-density lipoprotein and human lipoprotein lipase? Biochem. J. 255, 1057—
1060. doi: 10.1042/bj2551057

Balklava, Z., Rathnakumar, N. D., Vashist, S., Schweinsberg, P. J., and Grant,
B. D. (2016). Linking gene expression in the intestine to production of gametes
through the phosphate transporter PITR-1 in Caenorhabditis elegans. Genetics
204, 153-162. doi: 10.1534/genetics.116.188532

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 116, 281-297.

Baugh, L. R. (2013). To grow or not to grow: nutritional control of development
during Caenorhabditis elegans L1 arrest. Genetics 194, 539-555. doi: 10.1534/
genetics.113.150847

Baumeister, R., Schaffitzel, E., and Hertweck, M. (2006). Endocrine signaling in
Caenorhabditis elegans controls stress response and longevity. J. Endocrinol.
190, 191-202. doi: 10.1677/joe.1.06856

Berman, J. R, and Kenyon, C. (2006). Germ-cell loss extends C. elegans life span
through regulation of DAF-16 by kri-1 and lipophilic-hormone signaling. Cell
124, 1055-1068. doi: 10.1016/j.cell.2006.01.039

Blumenthal, T., Squire, M., Kirtland, S., Cane, J., Donegan, M., Spieth, J., et al.
(1984). Cloning of a yolk protein gene family from Caenorhabditis elegans.
J. Mol. Biol. 174, 1-18. doi: 10.1016/0022-2836(84)90361-9

Bossinger, O., and Schierenberg, E. (2003). The use of fluorescent marker dyes for
studying intercellular communication in nematode embryos. Int. ]. Dev. Biol.
40, 431-439.

Brawand, D., Wahli, W., and Kaessmann, H. (2008). Loss of egg yolk genes in
mammals and the origin of lactation and placentation. PLoS Biol. 6:¢63. doi:
10.1371/journal.pbio.0060063

Celniker, S. E., Dillon, L. A, Gerstein, M. B., Gunsalus, K. C., Henikoff, S., Karpen,
G. H,, et al. (2009). Unlocking the secrets of the genome. Nature 459, 927-930.

Chi, W., and Reinke, V. (2009). DPL-1 (DP) acts in the germ line to coordinate
ovulation and fertilization in C. elegans. Mech. Dev. 126, 406-416. doi: 10.1016/
j.mod.2009.01.008

Chotard, L., Skorobogata, O., Sylvain, M. A., Shrivastava, S., and Rocheleau, C. E.
(2010). TBC-2 is required for embryonic yolk protein storage and larval survival
during L1 diapause in Caenorhabditis elegans. PLoS One 5:¢15662. doi: 10.1371/
journal.pone.0015662

DePina, A. S., Iser, W. B,, Park, S.-S., Maudsley, S., Wilson, M. A., and Wolkow,
C. A. (2011). Regulation of Caenorhabditis elegans vitellogenesis by DAF-2/IIS
through separable transcriptional and posttranscriptional mechanisms. BMC
Physiol. 11:11. doi: 10.1186/1472-6793-11-11

Depuydt, G., Xie, F., Petyuk, V. A., Shanmugam, N., Smolders, A., Dhondt, I,
etal. (2013). Reduced insulin/insulin-like growth factor-1 signaling and dietary
restriction inhibit translation but preserve muscle mass in Caenorhabditis
elegans. Mol. Cell. Proteomics 12, 3624-3639. doi: 10.1074/mcp.M113.027383

Dowen, R. H. (2019). CEH-60/PBX and UNC-62/MEIS coordinate a metabolic
switch that supports reproduction in C. elegans. Dev. cell. 49, 235-250. doi:
10.1016/j.devcel.2019.03.002

Dowen, R. H.,, Breen, P. C,, Tullius, T., Conery, A. L., and Ruvkun, G. (2016).
A microRNA program in the C. elegans hypodermis couples to intestinal

and SEV-2012-0208), the AXA Research Fund, the Bettencourt
Schueller Foundation, Agencia de Gestio d’Ajuts Universitaris i
de Recerca (AGAUR, SGR-831), the EMBL Partnership, and the
CERCA Program/Generalitat de Catalunya. MP was funded in
part by a Severo Ochoa Ph.D. fellowship.

mTORC2/PQM-1 signaling to modulate fat transport. Genes Dev. 30, 1515-
1528. doi: 10.1101/gad.283895.116

Edmonds, J. W., Prasain, J. K., Dorand, D., Yang, Y., Hoang, H. D., Vibbert, J.,
et al. (2010). Insulin/FOXO signaling regulates ovarian prostaglandins critical
for reproduction. Dev. Cell 19, 858-871. doi: 10.1016/j.devcel.2010.11.005

Ezcurra, M., Benedetto, A., Sornda, T., Gilliat, A. F., Au, C., Zhang, Q., et al. (2018).
C. elegans eats its own intestine to make yolk leading to multiple senescent
pathologies. Curr. Biol. 28, 2544.e5-2556.e5.

Falchuk, K. H. (1998). “The Molecular Basis for the Role of Zinc in Developmental
Biology.” MOLECULAR and Cellular Effects of Nutrition on Disease processes.
Berlin: Springer, 41-48.

Félix, M.-A., and Braendle, C. (2010). The natural history of Caenorhabditis elegans.
Curr. Biol. 20, R965-R969.

Fischer, M., Fitzenberger, E., Kull, R., Boll, M., and Wenzel, U. (2014). The zinc
matrix metalloproteinase ZMP-2 increases survival of Caenorhabditis elegans
through interference with lipoprotein absorption. Genes Nutr. 9, 1-10. doi:
10.1007/s12263-014-0414-6

Fischer, M., Regitz, C., Kull, R., Boll, M., and Wenzel, U. (2013). Vitellogenins
increase stress resistance of Caenorhabditis elegans after Photorhabdus
luminescens infection depending on the steroid-signaling pathway. Microbes
Infect. 15, 569-578. doi: 10.1016/j.micinf.2013.05.002

Gems, D., and de la Guardia, Y. (2013). Alternative perspectives
on aging in Caenorhabditis elegans: reactive oxygen species or
hyperfunction? Antioxid. Redox Signal. 19, 321-329. doi: 10.1089/ars.2012.
4840

Gems, D., Sutton, A. J., Sundermeyer, M. L., Albert, P. S., King, K. V., Edgley, M. L.,
et al. (1998). Two pleiotropic classes of daf-2 mutation affect larval arrest, adult
behavior, reproduction and longevity in Caenorhabditis elegans. Genetics 150,
129-155.

Goszczynski, B., Captan, V. V., Danielson, A. M., Lancaster, B. R., and McGhee,
J. D. (2016). A 44 bp intestine-specific hermaphrodite-specific enhancer from
the C. elegans vit-2 vitellogenin gene is directly regulated by ELT-2, MAB-3,
FKH-9 and DAF-16 and indirectly regulated by the germline, by daf-2/insulin
signaling and by the TGF-beta/Sma/Mab pathway. Dev. Biol. 413, 112-127.
doi: 10.1016/j.ydbio.2016.02.031

Grant, B., and Hirsh, D. (1999). Receptor-mediated endocytosis in the
Caenorhabditis elegans oocyte. Mol. Biol. Cell 10, 4311-4326. doi: 10.1091/mbc.
10.12.4311

Guidugli, K. R., Nascimento, A. M., Amdam, G. V., Barchuk, A. R., Ombholt, S.,
Simoes, Z. L., et al. (2005). Vitellogenin regulates hormonal dynamics in the
worker caste of a eusocial insect. FEBS Lett. 579, 4961-4965. doi: 10.1016/j.
febslet.2005.07.085

Gumienny, T. L., MacNeil, L, Zimmerman, C. M., Wang, H., Chin, L,
Wrana, J. L., et al. (2010). Caenorhabditis elegans SMA-10/LRIG is a
conserved transmembrane protein that enhances bone morphogenetic
protein signaling. PLoS Genet. 6:¢1000963. doi: 10.1371/journal.pgen.
1000963

Gumienny, T. L., and Savage-Dunn, C. (2013). “TGF-f signaling in C. elegans,
in WormBook, ed. The C. elegans Research Community, WormBook, doi: 10.
1895/wormbook.1.22.2

Hall, D. H., Winfrey, V. P., Blaeuer, G., Hoffman, L. H., Furuta, T., Rose, K. L.,
et al. (1999). Ultrastructural features of the adult hermaphrodite gonad of
Caenorhabditis elegans: relations between the germ line and soma. Dev. Biol.
212,101-123. doi: 10.1006/dbio.1999.9356

Han, S. M. Cottee, P. A, and Miller, M. A. (2009). Sperm and oocyte
communication mechanisms controlling C. elegans fertility. Dev. Dyn. 239,
1265-1281. doi: 10.1002/dvdy.22202

Hedgecock, E. M., and White, J. G. (1985). Polyploid tissues in the nematode
Caenorhabditis elegans. Dev. Biol. 107, 128-133. doi: 10.1016/0012-1606(85)
90381-1

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 1067


https://doi.org/10.1002/bies.201100189
https://doi.org/10.1016/j.exger.2004.02.010
https://doi.org/10.1101/gad.1107803
https://doi.org/10.1042/bj2551057
https://doi.org/10.1534/genetics.116.188532
https://doi.org/10.1534/genetics.113.150847
https://doi.org/10.1534/genetics.113.150847
https://doi.org/10.1677/joe.1.06856
https://doi.org/10.1016/j.cell.2006.01.039
https://doi.org/10.1016/0022-2836(84)90361-9
https://doi.org/10.1371/journal.pbio.0060063
https://doi.org/10.1371/journal.pbio.0060063
https://doi.org/10.1016/j.mod.2009.01.008
https://doi.org/10.1016/j.mod.2009.01.008
https://doi.org/10.1371/journal.pone.0015662
https://doi.org/10.1371/journal.pone.0015662
https://doi.org/10.1186/1472-6793-11-11
https://doi.org/10.1074/mcp.M113.027383
https://doi.org/10.1016/j.devcel.2019.03.002
https://doi.org/10.1016/j.devcel.2019.03.002
https://doi.org/10.1101/gad.283895.116
https://doi.org/10.1016/j.devcel.2010.11.005
https://doi.org/10.1007/s12263-014-0414-6
https://doi.org/10.1007/s12263-014-0414-6
https://doi.org/10.1016/j.micinf.2013.05.002
https://doi.org/10.1089/ars.2012.4840
https://doi.org/10.1089/ars.2012.4840
https://doi.org/10.1016/j.ydbio.2016.02.031
https://doi.org/10.1091/mbc.10.12.4311
https://doi.org/10.1091/mbc.10.12.4311
https://doi.org/10.1016/j.febslet.2005.07.085
https://doi.org/10.1016/j.febslet.2005.07.085
https://doi.org/10.1371/journal.pgen.1000963
https://doi.org/10.1371/journal.pgen.1000963
https://doi.org/10.1895/wormbook.1.22.2
https://doi.org/10.1895/wormbook.1.22.2
https://doi.org/10.1006/dbio.1999.9356
https://doi.org/10.1002/dvdy.22202
https://doi.org/10.1016/0012-1606(85)90381-1
https://doi.org/10.1016/0012-1606(85)90381-1
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Perez and Lehner

Vitellogenins in C. elegans

Herndon, L. A., Schmeissner, P. J., Dudaronek, J. M., Brown, P. A., Listner, K. M.,
Sakano, Y., et al. (2002). Stochastic and genetic factors influence tissue-specific
decline in ageing C. elegans. Nature 419, 808-814. doi: 10.1038/nature01135

Hertweck, M., Gobel, C., and Baumeister, R. (2004). C. elegans SGK-1 is the critical
component in the Akt/PKB kinase complex to control stress response and life
span. Dev. Cell 6, 577-588. doi: 10.1016/s1534-5807(04)00095-4

Hibshman, J. D., Hung, A., and Baugh, L. R. (2016). Maternal diet and
insulin-like signaling control intergenerational plasticity of progeny size and
starvation resistance. PLoS Genet. 12:¢1006396. doi: 10.1371/journal.pgen.100
6396

Hirsh, D., Oppenheim, D., and Klass, M. (1976). Development of the reproductive
system of Caenorhabditis elegans. Dev. Biol. 49, 200-219. doi: 10.1016/0012-
1606(76)90267-0

Honnen, S. J., Bichter, C., Schréder, V., Hoffmann, M., Kohara, Y., Kampkatter,
A, et al. (2012). C. elegans VANG-1 modulates life span via insulin/IGF-1-like
signaling. PloS One 7:¢32183. doi: 10.1371/journal.pone.0032183

Inoue, H., and Nishida, E. (2010). The DM domain transcription factor MAB-
3 regulates male hypersensitivity to oxidative stress in Caenorhabditis elegans.
Mol. Cell. Biol. 30, 3453-3459. doi: 10.1128/MCB.01459-09

Jacinto, E., Loewith, R., Schmidt, A., Lin, S., Rilegg, M. A., Hall, A, et al. (2004).
Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin
insensitive. Nat. Cell Biol. 6, 1122-1128. doi: 10.1038/ncb1183

Jones, K. T., Greer, E. R, Pearce, D., and Ashrafi, K. (2009). Rictor/TORC2
regulates Caenorhabditis elegans fat storage, body size, and development
through sgk-1. PLoS Biol. 7:¢1000060. doi: 10.1371/journal.pbio.1000060

Jordan, J. M., Hibshman, J. D., Webster, A. K., Kaplan, R. E. W, Leinroth, A.,
Guzman, R, et al. (2019). Insulin/IGF signaling and vitellogenin provisioning
mediate intergenerational adaptation to nutrient stress. Curr. Biol. 29, 2380.e5-
2388.e5. doi: 10.1016/j.cub.2019.05.062

Jung, J., Nakajima, M., Kojima, M., Ooe, K., and Fukuda, T. (2012). Microchip
device for measurement of body volume of C. elegans as bioindicator
application. J. Micro Nano Mechatronics 7, 3-11. doi: 10.1007/s12213-011-
0036-7

Khanna, A., Johnson, D. L., and Curran, S. P. (2014). Physiological roles for mafr-1
in reproduction and lipid homeostasis. Cell Rep. 9, 2180-2191. doi: 10.1016/j.
celrep.2014.11.035

Kimble, J., and Sharrock, W. J. (1983). Tissue-specific synthesis of yolk proteins
in Caenorhabditis elegans. Dev. Biol. 96, 189-196. doi: 10.1016/0012-1606(83)
90322-6

Kubagawa, H. M., Watts, J. L., Corrigan, C., Edmonds, J. W., Sztul, E., Browse, J.,
et al. (2006). Oocyte signals derived from polyunsaturated fatty acids control
sperm recruitment in vivo. Nat. Cell Biol. 8, 1143-1148. doi: 10.1038/ncb1476

Kuo, Y., Hsu, T.-Y,, Wu, Y.-C, and Chang, H.-C. (2013). Fluorescent
nanodiamond as a probe for the intercellular transport of proteins in vivo.
Biomaterials 34, 8352-8360. doi: 10.1016/j.biomaterials.2013.07.043

Li, F., Lok, J. B., Gasser, R. B., Korhonen, P. K., Sandeman, M. R., Shi, D, et al.
(2014). Hc-daf-2 encodes an insulin-like receptor kinase in the barber’s pole
worm, Haemonchus contortus, and restores partial dauer regulation. Int. J.
Parasitol. 44, 485-496. doi: 10.1016/j.ijpara.2014.03.005

Li, Z., Zhang, S., Zhang, J., Liu, M., and Liu, Z. (2009). Vitellogenin is a cidal
factor capable of killing bacteria via interaction with lipopolysaccharide and
lipoteichoic acid. Mol. Immunol. 46, 3232-3239. doi: 10.1016/j.molimm.2009.
08.006

Liang, J., Lints, R., Foehr, M. L., Tokarz, R., Yu, L., Emmons, S. W,, et al. (2003).
The Caenorhabditis elegans schnurri homolog sma-9 mediates stage-and cell
type-specific responses to DBL-1 BMP-related signaling. Development 130,
6453-6464. doi: 10.1242/dev.00863

Liang, V., Ullrich, M., Lam, H., Chew, Y. L., Banister, S., Song, X., et al. (2014).
Altered proteostasis in aging and heat shock response in C. elegans revealed by
analysis of the global and de novo synthesized proteome. Cell. Mol. Life Sci. 71,
3339-3361. doi: 10.1007/s00018-014-1558-7

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

Liu, Q.-H., Zhang, S.-C., Li, Z.-]., and Gao, C.-R. (2009). Characterization
of a pattern recognition molecule vitellogenin from carp (Cyprinus
carpio).  Immunobiology 214, 257-267. doi:  10.1016/j.imbio.2008.
10.003

Luo, S., Kleemann, G. A., Ashraf, J. M., Shaw, W. M., and Murphy, C. T.
(2010). TGF-B and insulin signaling regulate reproductive aging via oocyte
and germline quality maintenance. Cell 143, 299-312. doi: 10.1016/j.cell.2010.
09.013

Lynn, D. A, Dalton, H. M., Sowa, J. N., Wang, M. C,, Soukas, A. A., and Curran,
S. P. (2015). Omega-3 and-6 fatty acids allocate somatic and germline lipids to
ensure fitness during nutrient and oxidative stress in Caenorhabditis elegans.
Proc. Natl. Acad. Sci. U.S.A. 112, 15378-15383. doi: 10.1073/pnas.1514012112

MacMorris, M., Broverman, S., Greenspoon, S., Lea, K., Madej, C., Blumenthal,
T., et al. (1992). Regulation of vitellogenin gene expression in transgenic
Caenorhabditis elegans: short sequences required for activation of the vit-2
promoter. Mol. Cell. Biol. 12, 1652-1662. doi: 10.1128/mcb.12.4.1652

Maduzia, L. L., Gumienny, T. L., Zimmerman, C. M., Wang, H., Shetgiri, P.,
Krishna, S., et al. (2002). lon-1 regulates Caenorhabditis elegans body size
downstream of the dbl-1 TGFp signaling pathway. Dev. Biol. 246, 418-428.
doi: 10.1006/dbio.2002.0662

Marré, J., Traver, E. C.,, and Jose, A. M. (2016). Extracellular RNA is transported
from one generation to the next in Caenorhabditis elegans. Proc. Natl. Acad. Sci.
113, 12496-12501. doi: 10.1073/pnas.1608959113

Matyash, V., Geier, C., Henske, A., Mukherjee, S., Hirsh, D., Thiele, C., et al. (2001).
Distribution and transport of cholesterol in Caenorhabditis elegans. Mol. Biol.
Cell 12, 1725-1736.

Maures, T. J., Booth, L. N., Benayoun, B. A, Izrayelit, Y., Schroeder, F. C., and
Brunet, A. (2014). Males shorten the life span of C. elegans hermaphrodites via
secreted compounds. Science 343, 541-544. doi: 10.1126/science.1244160

McGee, M. D., Weber, D., Day, N., Vitelli, C., Crippen, D., Herndon, L. A,, et al.
(2011). Loss of intestinal nuclei and intestinal integrity in aging C. elegans. Aging
Cell 10, 699-710. doi: 10.1111/j.1474-9726.2011.00713.x

McGhee, J. D, Sleumer, M. C., Bilenky, M., Wong, K., McKay, S. J., Goszczynski, B.,
et al. (2007). The ELT-2 GATA-factor and the global regulation of transcription
in the C. elegans intestine. Dev. Biol. 302, 627-645. doi: 10.1016/j.ydbio.2006.
10.024

Mitchell, M., and Carlisle, A. (1991). Plasma zinc as an index of vitellogenin
production and reproductive status in the domestic fowl. Comp.Biochem.
Physiol. Part A physiol. 100, 719-724. doi: 10.1016/0300-9629(91)90396-t

Murphy, C. T. (2006). The search for DAF-16/FOXO transcriptional targets:
approaches and discoveries. Exp. Gerontol. 41, 910-921. doi: 10.1016/j.exger.
2006.06.040

Murphy, C. T., and Hu, P. J. (2013). Insulin/insulin-like growth factor signaling in
C. elegans. WormBook. 26, 1-43. .doi: 10.1895/wormbook.1.164.1

Murphy, C. T., McCarroll, S. A., Bargmann, C. I, Fraser, A., Kamath, R. S,
Ahringer, J., et al. (2003). Genes that act downstream of DAF-16 to influence
the lifespan of Caenorhabditis elegans. Nature 424, 277-283. doi: 10.1038/
nature01789

Nakamura, A., Yasuda, K., Adachi, H., Sakurai, Y., Ishii, N., and Goto, S.
(1999). Vitellogenin-6 is a major carbonylated protein in aged nematode,
Caenorhabditis elegans. Biochem. Biophys. Res. Commun. 264, 580-583. doi:
10.1006/bbrc.1999.1549

Narasimhan, S. D., Yen, K., and Tissenbaum, H. A. (2009). Converging pathways in
lifespan regulation. Curr. Biol. 19, R657-R666. doi: 10.1016/j.cub.2009.06.013

Nardelli, D., Gerber-Huber, S., Gruber, M., Ab, G., and Wahli, W. (1987).
Vertebrate and nematode genes coding for yolk proteins are derived from a
common ancestor. Biochemistry 26, 6397-6402. doi: 10.1021/bi00394a014

Nelson, C. M., Thle, K. E., Fondrk, M. K., Page, R. E. Jr., and Amdam, G. V. (2007).
The gene vitellogenin has multiple coordinating effects on social organization.
PLoS Biol. 5:e62. doi: 10.1371/journal.pbio.0050062

Oh, S. W., Mukhopadhyay, A., Dixit, B. L., Raha, T., Green, M. R., and Tissenbaum,
H. A. (2006). Identification of direct DAF-16 targets controlling longevity,
metabolism and diapause by chromatin immunoprecipitation. Nat. Genet. 38,
251-257. doi: 10.1038/ng1723

Oliveira, R. P., Abate, J. P., Dilks, K., Landis, J., Ashraf, J., Murphy, C. T.,
et al. (2009). Condition-adapted stress and longevity gene regulation by
Caenorhabditis elegans SKN-1/Nrf. Aging Cell 8, 524-541. doi: 10.1111/].1474-
9726.2009.00501.x

Olmedo, M., Mata Cabana, A., Rodriguez Palero, M. J., Garcia-Sanchez, S.,
Fernandez Yanez, A., Merrow, M., et al. (2018). Prolonged quiescence delays
somatic stem cell-like division in Caenorhabditis elegans and is controlled by
insulin signalling. [PREPRINT]. bioRxiv

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 1067


https://doi.org/10.1038/nature01135
https://doi.org/10.1016/s1534-5807(04)00095-4
https://doi.org/10.1371/journal.pgen.1006396
https://doi.org/10.1371/journal.pgen.1006396
https://doi.org/10.1016/0012-1606(76)90267-0
https://doi.org/10.1016/0012-1606(76)90267-0
https://doi.org/10.1371/journal.pone.0032183
https://doi.org/10.1128/MCB.01459-09
https://doi.org/10.1038/ncb1183
https://doi.org/10.1371/journal.pbio.1000060
https://doi.org/10.1016/j.cub.2019.05.062
https://doi.org/10.1007/s12213-011-0036-7
https://doi.org/10.1007/s12213-011-0036-7
https://doi.org/10.1016/j.celrep.2014.11.035
https://doi.org/10.1016/j.celrep.2014.11.035
https://doi.org/10.1016/0012-1606(83)90322-6
https://doi.org/10.1016/0012-1606(83)90322-6
https://doi.org/10.1038/ncb1476
https://doi.org/10.1016/j.biomaterials.2013.07.043
https://doi.org/10.1016/j.ijpara.2014.03.005
https://doi.org/10.1016/j.molimm.2009.08.006
https://doi.org/10.1016/j.molimm.2009.08.006
https://doi.org/10.1242/dev.00863
https://doi.org/10.1007/s00018-014-1558-7
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.imbio.2008.10.003
https://doi.org/10.1016/j.imbio.2008.10.003
https://doi.org/10.1016/j.cell.2010.09.013
https://doi.org/10.1016/j.cell.2010.09.013
https://doi.org/10.1073/pnas.1514012112
https://doi.org/10.1128/mcb.12.4.1652
https://doi.org/10.1006/dbio.2002.0662
https://doi.org/10.1073/pnas.1608959113
https://doi.org/10.1126/science.1244160
https://doi.org/10.1111/j.1474-9726.2011.00713.x
https://doi.org/10.1016/j.ydbio.2006.10.024
https://doi.org/10.1016/j.ydbio.2006.10.024
https://doi.org/10.1016/0300-9629(91)90396-t
https://doi.org/10.1016/j.exger.2006.06.040
https://doi.org/10.1016/j.exger.2006.06.040
https://doi.org/10.1895/wormbook.1.164.1
https://doi.org/10.1038/nature01789
https://doi.org/10.1038/nature01789
https://doi.org/10.1006/bbrc.1999.1549
https://doi.org/10.1006/bbrc.1999.1549
https://doi.org/10.1016/j.cub.2009.06.013
https://doi.org/10.1021/bi00394a014
https://doi.org/10.1371/journal.pbio.0050062
https://doi.org/10.1038/ng1723
https://doi.org/10.1111/j.1474-9726.2009.00501.x
https://doi.org/10.1111/j.1474-9726.2009.00501.x
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Perez and Lehner

Vitellogenins in C. elegans

Perez, M. F. (2018). Inter-Individual Physiological Variation in the Nematode
Caenorhabditis Elegans. Barcelona: Universitat Pompeu Fabra.

Perez, M. F., Francesconi, M., Hidalgo-Carcedo, C., and Lehner, B. (2017).
Maternal age generates phenotypic variation in Caenorhabditis elegans. Nature
552, 106-109. doi: 10.1038/nature25012

Perez, M. F., and Lehner, B. (2019). Intergenerational and transgenerational
epigenetic inheritance in animals. Nat. Cell Biol. 21, 143-151. doi: 10.1038/
541556-018-0242-9

Piulachs, M., Guidugli, K., Barchuk, A., Cruz, J., Simoes, Z., and Belles, X. (2003).
The vitellogenin of the honey bee, Apis mellifera: structural analysis of the
cDNA and expression studies. Insect. Biochem. Mol. Biol. 33, 459-465. doi:
10.1016/50965-1748(03)00021-3

Pradhan, A., Hammerquist, A. M., Khanna, A., and Curran, S. P. (2017). The C-box
region of MAFI regulates transcriptional activity and protein stability. J. Mol.
Biol. 429, 192-207. doi: 10.1016/j.jmb.2016.12.012

Qi, W., Yan, Y., Pfeifer, D., Donner Gromoff, E., Wang, Y., Maier, W., et al. (2017).
C. elegans DAF-16/FOXO interacts with TGF-/BMP signaling to induce
germline tumor formation via mTORCI activation. PLoS Genet. 13:1006801.
doi: 10.1371/journal.pgen.1006801

Raikhel, A. S., and Dhadialla, T. (1992). Accumulation of yolk proteins in insect
oocytes. Annu. Rev. Entomol. 37,217-251. doi: 10.1146/annurev.ento.37.1.217

Ramakrishnan, K., Ray, P., and Okkema, P. G. (2014). CEH-28 activates dbl-1
expression and TGF-f signaling in the C. elegans M4 neuron. Dev. Biol. 390,
149-159. doi: 10.1016/j.ydbio.2014.03.015

Rechavi, O., Houri-Ze'evi, L., Anava, S., Goh, W. S. S, Kerk, S. Y., Hannon, G. J.,
et al. (2014). Starvation-induced transgenerational inheritance of small RNAs
in C. elegans. Cell 158, 277-287. doi: 10.1016/j.cell.2014.06.020

Robida-Stubbs, S., Glover-Cutter, K., Lamming, D. W., Mizunuma, M.,
Narasimhan, S. D., Neumann-Haefelin, E., et al. (2012). TOR signaling and
rapamycin influence longevity by regulating SKN-1/Nrf and DAF-16/FoxO.
Cell Metabol. 15, 713-724. doi: 10.1016/j.cmet.2012.04.007

Romano, M., Rosanova, P., Anteo, C., and Limatola, E. (2004). Vertebrate yolk
proteins: a review. Mol. Reprod. Dev. 69, 109-116. doi: 10.1002/mrd.20146

Roux, A. E.,, Langhans, K., Huynh, W., and Kenyon, C. (2016). Reversible age-
related phenotypes induced during larval quiescence in C. elegans. Cell Metabol.
23, 1113-1126. doi: 10.1016/j.cmet.2016.05.024

Salmela, H., Amdam, G. V., and Freitak, D. (2015). Transfer of immunity from
mother to offspring is mediated via egg-yolk protein vitellogenin. PLoS Pathog.
11:e1005015. doi: 10.1371/journal.ppat.1005015

Sappington, T. W., and Raikhel, A. S. (1998). Molecular characteristics of insect
vitellogenins and vitellogenin receptors. Insect Biochem. Mol. Biol. 28, 277-300.
doi: 10.1016/50965-1748(97)00110-0

Sarbassov, D. D., Ali, S. M., Kim, D.-H., Guertin, D. A,, Latek, R. R., Erdjument-
Bromage, H., et al. (2004). Rictor, a novel binding partner of mTOR, defines
a rapamycin-insensitive and raptor-independent pathway that regulates the
cytoskeleton. Curr. Biol. 14, 1296-1302. doi: 10.1016/j.cub.2004.06.054

Savage, C., Das, P., Finelli, A. L., Townsend, S. R., Sun, C.-Y., Baird, S. E,
et al. (1996). Caenorhabditis elegans genes sma-2, sma-3, and sma-4 define
a conserved family of transforming growth factor beta pathway components.
Proc. Natl. Acad. Sci. U.S.A. 93,790-794. doi: 10.1073/pnas.93.2.790

Savage-Dunn, C., Tokarz, R., Wang, H., Cohen, S., Giannikas, C., and Padgett,
R. W. (2000). SMA-3 smad has specific and critical functions in DBL-1/SMA-6
TGEFB-related signaling. Dev. Biol. 223, 70-76. doi: 10.1006/dbio.2000.9713

Schuster, E., McElwee, J. J., Tullet, J. M., Doonan, R., Matthijssens, F., Reece-Hoyes,
J. S., et al. (2010). DamlID in C. elegans reveals longevity-associated targets of
DAF-16/FoxO. Mol. Syst. Biol. 6:399. doi: 10.1038/msb.2010.54

Seah, N. E., de Magalhaes Filho, C. D., Petrashen, A. P., Henderson, H. R., Laguer,
J., Gonzalez, J., et al. (2016). Autophagy-mediated longevity is modulated by
lipoprotein biogenesis. Autophagy 12, 261-272. doi: 10.1080/15548627.2015.
1127464

Seehuus, S.-C., Norberg, K., Gimsa, U., Krekling, T., and Amdam, G. V. (2006).
Reproductive protein protects functionally sterile honey bee workers from
oxidative stress. Proc. Natl. Acad. Sci. U.S.A. 103, 962-967. doi: 10.1073/pnas.
0502681103

Sharrock, W., Sutherlin, M. E., Leske, K., Cheng, T. K., and Kim, T. (1990). Two
distinct yolk lipoprotein complexes from Caenorhabditis elegans. ]. Biol. Chem.
265, 14422-14431.

Sharrock, W. J. (1983). Yolk proteins of Caenorhabditis elegans. Dev. Biol. 96,
182-188. doi: 10.1016/0012-1606(83)90321-4

Sharrock, W. J. (1984). Cleavage of two yolk proteins from a precursor in
Caenorhabditis elegans. J. Mol. Biol. 174, 419-431. doi: 10.1016/0022-2836(84)
90329-2

Shen, M. M., and Hodgkin, J. (1988). mab-3, a gene required for sex-specific yolk
protein expression and a male-specific lineage in C. elegans. Cell 54, 1019-1031.
doi: 10.1016/0092-8674(88)90117-1

Shertz, C. A., Bastidas, R. J., Li, W., Heitman, J., and Cardenas, M. E. (2010).
Conservation, duplication, and loss of the tor signaling pathway in the fungal
kingdom. BMC Genomics 11:510. doi: 10.1186/1471-2164-11-510

Shi, C., and Murphy, C. T. (2014). Mating induces shrinking and death in
Caenorhabditis mothers. Science 343, 536-540. doi: 10.1126/science.1242958

Shi, C., Runnels, A. M., and Murphy, C. T. (2017). Mating and male pheromone
kill Caenorhabditis males through distinct mechanisms. eLife 6:¢23493. doi:
10.7554/eLife.23493

Shi, X., Zhang, S., and Pang, Q. (2006). Vitellogenin is a novel player in defense
reactions. Fish Shellfish Immunol. 20, 769-772. doi: 10.1016/;.£s1.2005.09.005

Skipper, J. K., and Hamilton, T. H. (1977). Regulation by estrogen of the
vitellogenin gene. Proc. Natl. Acad. Sci. U.S.A. 74, 2384-2388. doi: 10.1073/
pnas.74.6.2384

Sornda, T., Ezcurra, M., Kern, C., Galimov, E. R, Au, C,, de la Guardia, Y., et al.
(2019). Production of YP170 vitellogenins promotes intestinal senescence in
C. elegans. J. Gerontol. Series A. doi: 10.1093/gerona/glz067 [Epub ahead of
print].

Soukas, A. A., Kane, E. A., Carr, C. E, Melo, J. A., and Ruvkun, G. (2009).
Rictor/TORC2 regulates fat metabolism, feeding, growth, and life span in
Caenorhabditis elegans. Genes Dev. 23, 496-511. doi: 10.1101/gad.1775409

Spieth, J., and Blumenthal, T. (1985). The Caenorhabditis elegans vitellogenin gene
family includes a gene encoding a distantly related protein. Mol. Cell. Biol. 5,
2495-2501. doi: 10.1128/mcb.5.10.2495

Spieth, J., Denison, K., Kirtland, S., Cane, J., and Blumenthal, T. (1985). The
C. elegans vitellogenin genes: short sequence repeats in the promoter regions
and homology to the vertebrate genes. Nucleic Acids Res. 13, 5283-5295. doi:
10.1093/nar/13.14.5283

Spieth, J., MacMorris, M., Broverman, S., Greenspoon, S., and Blumenthal,
T. (1988). Regulated expression of a vitellogenin fusion gene in transgenic
nematodes. Dev. Biol. 130, 285-293. doi: 10.1016/0012-1606(88)90434-4

Spieth, J., Nettleton, M., Zucker-Aprison, E., Lea, K., and Blumenthal, T. (1991).
Vitellogenin motifs conserved in nematodes and vertebrates. J. Mol. Evol. 32,
429-438. doi: 10.1007/bf02101283

Steinbaugh, M. J., Narasimhan, S. D., Robida-Stubbs, S., Mazzeo, L. E. M., Dreyfuss,
J. M., Hourihan, J. M, et al. (2015). Lipid-mediated regulation of SKN-1/Nrf in
response to germ cell absence. eLife 4:¢07836. doi: 10.7554/eLife.07836

Sun, C,, and Zhang, S. (2015). Immune-relevant and antioxidant activities of
vitellogenin and yolk proteins in fish. Nutrients 7, 8818-8829. doi: 10.3390/
nu7105432

Suzuki, Y., Yandell, M. D., Roy, P. J., Krishna, S., Savage-Dunn, C., Ross, R. M.,
et al. (1999). A BMP homolog acts as a dose-dependent regulator of body size
and male tail patterning in Caenorhabditis elegans. Development 126, 241-250.

Tepper, R. G., Ashraf, J., Kaletsky, R, Kleemann, G., Murphy, C. T., and
Bussemaker, H. J. (2013). PQM-1 complements DAF-16 as a key transcriptional
regulator of DAF-2-mediated development and longevity. Cell 154, 676-690.
doi: 10.1016/j.cell.2013.07.006

Tong, Z., Li, L., Pawar, R., and Zhang, S. (2010). Vitellogenin is an acute phase
protein with bacterial-binding and inhibiting activities. Immunobiology 215,
898-902. doi: 10.1016/j.imbi0.2009.10.001

Tufail, M., Nagaba, Y., Elgendy, A. M., and Takeda, M. (2014). Regulation of
vitellogenin genes in insects. Entomol. Sci. 17, 269-282. doi: 10.1111/ens.12086

Tufail, M., and Takeda, M. (2008). Molecular characteristics of insect
vitellogenins.]. Insect Physiol. 54, 1447-1458. doi: 10.1016/j.jinsphys.2008.08.
007

Tullet, J. M., Hertweck, M., An, J. H., Baker, J., Hwang, J. Y., Liu, S., et al. (2008).
Direct inhibition of the longevity-promoting factor SKN-1 by insulin-like
signaling in C. elegans. Cell 132, 1025-1038. doi: 10.1016/j.cell.2008.01.030

Van Nostrand, E. L., Sanchez-Blanco, A., Wu, B., Nguyen, A., and Kim, S. K. (2013).
Roles of the developmental regulator unc-62/Homothorax in limiting longevity

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 1067


https://doi.org/10.1038/nature25012
https://doi.org/10.1038/s41556-018-0242-9
https://doi.org/10.1038/s41556-018-0242-9
https://doi.org/10.1016/s0965-1748(03)00021-3
https://doi.org/10.1016/s0965-1748(03)00021-3
https://doi.org/10.1016/j.jmb.2016.12.012
https://doi.org/10.1371/journal.pgen.1006801
https://doi.org/10.1146/annurev.ento.37.1.217
https://doi.org/10.1016/j.ydbio.2014.03.015
https://doi.org/10.1016/j.cell.2014.06.020
https://doi.org/10.1016/j.cmet.2012.04.007
https://doi.org/10.1002/mrd.20146
https://doi.org/10.1016/j.cmet.2016.05.024
https://doi.org/10.1371/journal.ppat.1005015
https://doi.org/10.1016/s0965-1748(97)00110-0
https://doi.org/10.1016/j.cub.2004.06.054
https://doi.org/10.1073/pnas.93.2.790
https://doi.org/10.1006/dbio.2000.9713
https://doi.org/10.1038/msb.2010.54
https://doi.org/10.1080/15548627.2015.1127464
https://doi.org/10.1080/15548627.2015.1127464
https://doi.org/10.1073/pnas.0502681103
https://doi.org/10.1073/pnas.0502681103
https://doi.org/10.1016/0012-1606(83)90321-4
https://doi.org/10.1016/0022-2836(84)90329-2
https://doi.org/10.1016/0022-2836(84)90329-2
https://doi.org/10.1016/0092-8674(88)90117-1
https://doi.org/10.1186/1471-2164-11-510
https://doi.org/10.1126/science.1242958
https://doi.org/10.7554/eLife.23493
https://doi.org/10.7554/eLife.23493
https://doi.org/10.1016/j.fsi.2005.09.005
https://doi.org/10.1073/pnas.74.6.2384
https://doi.org/10.1073/pnas.74.6.2384
https://doi.org/10.1093/gerona/glz067
https://doi.org/10.1101/gad.1775409
https://doi.org/10.1128/mcb.5.10.2495
https://doi.org/10.1093/nar/13.14.5283
https://doi.org/10.1093/nar/13.14.5283
https://doi.org/10.1016/0012-1606(88)90434-4
https://doi.org/10.1007/bf02101283
https://doi.org/10.7554/eLife.07836
https://doi.org/10.3390/nu7105432
https://doi.org/10.3390/nu7105432
https://doi.org/10.1016/j.cell.2013.07.006
https://doi.org/10.1016/j.imbio.2009.10.001
https://doi.org/10.1111/ens.12086
https://doi.org/10.1016/j.jinsphys.2008.08.007
https://doi.org/10.1016/j.jinsphys.2008.08.007
https://doi.org/10.1016/j.cell.2008.01.030
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Perez and Lehner

Vitellogenins in C. elegans

in Caenorhabditis elegans. PLoS Genet. 9:¢1003325. doi: 10.1371/journal.pgen.
1003325

Van Rompay, L., Borghgraef, C., Beets, L., Caers, J., and Temmerman, L. (2015).
New genetic regulators question relevance of abundant yolk protein production
in C. elegans. Sci. Rep. 5:16381. doi: 10.1038/srep16381

Vella, M. C., and Slack, F. J. (2005). C. elegans microRNAs. WormBook. 2005,
1-9.doi: 10.1895/wormbook.1.26.1

Vrablik, T. L., Petyuk, V. A, Larson, E. M., Smith, R. D., and Watts, J. L. (2015).
Lipidomic and proteomic analysis of Caenorhabditis elegans lipid droplets and
identification of ACS-4 as a lipid droplet-associated protein. Biochim. Biophys.
Acta 1851, 1337-1345. doi: 10.1016/j.bbalip.2015.06.004

Wang, H., Jiang, X, Wu, J., Zhang, L., Huang, J., Zhang, Y., et al. (2016).
Iron overload coordinately promotes ferritin expression and fat accumulation
in Caenorhabditis elegans. Genetics 203, 241-253. doi: 10.1534/genetics.116.
186742

Wang, J., Tokarz, R., and Savage-Dunn, C. (2002). The expression of TGF- signal
transducers in the hypodermis regulates body size in C. elegans. Development
129, 4989-4998.

Waullschleger, S., Loewith, R., and Hall, M. N. (2006). TOR signaling in growth and
metabolism. Cell 124, 471-484.

Yi, W., and Zarkower, D. (1999). Similarity of DNA binding and transcriptional
regulation by Caenorhabditis elegans MAB-3 and Drosophila melanogaster

DSX suggests conservation of sex determining mechanisms. Development 126,
873-881.

Yochem, J., Tuck, S., Greenwald, I, and Han, M. (1999). A gp330/megalin-
related protein is required in the major epidermis of Caenorhabditis elegans for
completion of molting. Development 126, 597-606.

Zhang, P.,Na, H,, Liu, Z., Zhang, S., Xue, P., Chen, Y., et al. (2012). Proteomic study
and marker protein identification of Caenorhabditis elegans lipid droplets. Mol.
Cell. Proteomics 11, 317-328. doi: 10.1074/mcp.M111.016345

Zucker-Aprison, E., and Blumenthal, T. (1989). Potential regulatory elements of
nematode vitellogenin genes revealed by interspecies sequence comparison.
J. Mol. Evol. 28, 487-496. doi: 10.1007/bf02602929

Conflict of Interest Statement: 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 © 2019 Perez and Lehner. 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 Physiology | www.frontiersin.org

17

August 2019 | Volume 10 | Article 1067


https://doi.org/10.1371/journal.pgen.1003325
https://doi.org/10.1371/journal.pgen.1003325
https://doi.org/10.1038/srep16381
https://doi.org/10.1895/wormbook.1.26.1
https://doi.org/10.1016/j.bbalip.2015.06.004
https://doi.org/10.1534/genetics.116.186742
https://doi.org/10.1534/genetics.116.186742
https://doi.org/10.1074/mcp.M111.016345
https://doi.org/10.1007/bf02602929
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/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Vitellogenins - Yolk Gene Function and Regulation in Caenorhabditis elegans
	Introduction: Vitellogenins Across the Tree of Life
	Vitellogenins in C. elegans Physiology
	Molecular Characteristics of C. elegans Vitellogenin
	Vitellogenin Genes in C. elegans
	Secretion and Uptake of Vitellogenins
	C. elegans Vitellogenins Are Highly Expressed
	Vitellogenins Are Dispensable for Embryonic Development in C. elegans
	Vitellogenins Support Post-embryonic Development and Can Mediate Intergenerational Effects of Parental Physiology

	Regulation of Vitellogenins in C. elegans
	Tissue-, Stage- and Sex-Specific Regulation
	Regulation by Signaling Pathways
	Insulin/Insulin-Like Growth Factor Signaling (IIS)
	TGF- Signaling
	Target-of-Rapamycin (TOR) Signaling
	Regulation by SKN-1
	Other Regulators

	Regulation by Extra-Intestinal Tissues
	Nervous System
	Hypodermis
	Germline

	Environmental Regulation
	Mating
	Ancestral Experience
	Oxidative Stress


	Possible Alternative Functions of Vitellogenins in C. elegans
	Summary
	Author's Note
	Author Contributions
	Funding
	References


