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Abstract

All living organisms experience ageing during the course of their lifespan. The
science of ageing has emerged into an enthralling area of research. Our knowledge of
the mechanisms of ageing and reproduction has been mainly derived from iteroparous
model organisms such as C. elegans and D. melanogaster. The mechanisms governing
lifespan are linked to signaling from the reproductive tissues. In this study, we
examined to what extent these mechanisms are evolutionarily conserved in a
semelparous model organism Oikopleura dioica. This marine chordate is a dioecious
species that belongs to the sister group of vertebrates. Rapid growth occurs by
increasing the size of somatic endocycling cells. The pre-meiotic gonad consists of
mitotic germline nuclei which proliferate asynchronously in a common cytoplasm
(syncytium). We identify a reversible developmental growth arrest (GA) in O. dioica in
response to high-density, nutrient-limited conditions, which extends its lifespan up to
three-fold. Iteroparous models, sacrifice germ cells that have already entered meiosis,
and maintain a reduced number of active germline stem cells (GSCs) under starvation.
In contrast, the post-meiotic germline of O. dioica does not maintain GSCs and GA only
occurs prior to meiotic entry. Nutrient limitation encountered after the meiotic entry
led to production of reduced numbers of progeny. During GA, nutrient-dependent
Target of Rapamycin (TOR) signaling activity was reduced whereas MAPK stress
signaling ERK1/2 and p38 and their common downstream effector MSK1 pathways
were activated. Chemical inhibition of TOR signaling alone was sufficient to prevent
meiotic entry and germline differentiation. Under GA conditions, both ERK1/2 and
p38 pathways were activated and shown to be critical for survival. However, chemical
inhibition of TOR signaling only activated p38-MSK1, but not the ERK1/2 pathway.
TOR signaling differentially regulated mitotic and endocycling cell cycles during GA.
Somatic endocycles immediately ceased upon entry into GA, whereas mitotic germline
nuclei and intestinal cells gradually arrested over time. This was mirrored on release
from GA, mitotic germline cell cycle resumed first, followed by mitotic intestinal cell

cycles, and finally, somatic endocycles. Unlike C. elegans and Drosophila GSCs, O. dioica



germline nuclei have a distinct G1 phase and D-type cyclins play a major role in cell
cycle regulation. TOR signaling differentially regulated endocycling and mitotic germ
nuclei by altering the expression of D-type cyclins, E2Fs and Cyclin-dependent Kinase
Inhibitor a (CKIa). Under GA/TOR inhibition, levels of Cyclin Dd and E2F1 were
reduced immediately in arrested endocycling cells, whereas they declined more
gradually in proliferating germ nuclei. Simultaneously, increased expression of
negative cell cycle regulators, CKla and E2F7, was observed during somatic
endocycling cell arrest. CKla-mediated cell cycle arrest in proliferating germline nuclei
was delayed through cytoplasmic sequestration of CKla by increased levels of the
Cyclin Db splice variant (lacking phosphodegron and Retinoblastoma-binding motifs)
in the syncytial cytoplasm. Overall in this investigation, we interpret that the single
event of meiotic entry is a definitive signal that lifespan extension can no longer occur
in O. dioica. Moreover, we demonstrated that TOR signaling integrates environmental
cues such as nutrient limitation, to differentially regulate cell cycle variants and

promote lifespan extension, in response to adverse environmental conditions.

vi



1. Introduction

1. Introduction

Ageing is an inevitable process, experienced by everyone. It occurs as a consequence
of accumulation of defective biomolecules, cells and tissues over the course of a lifetime.
This process often decreases an organism’s capacity to maintain homeostasis under stressful
conditions, leading to a greater vulnerability to many age related diseases (cancer,
cardiovascular and neurodegenerative diseases) and eventually results in death. Ageing is a
gradual loss of function of multiple systems in the body, accompanied by decreasing
fertility and increasing risk of death overtime in an organism. Different species can have
dramatically different lifespan and even within a single species lifespan shows variation.
The rate of ageing can be influenced by environmental factors such as nutrients and various
types of stress. Natural selection favours animals that are most likely to become
reproductively successful by developing better survival strategies to escape from
unfavorable environmental conditions such as starvation (Kirkwood & Rose, 1991). The
process of ageing has evolved as a strategy to control population size in nature (Travis,
2004). Nonetheless, organisms too have evolved various strategy to increase their fitness,
survival and effectively contribute to the next generation. One of the mechanisms involves
adopting different reproductive modes such as Semelparity and Iteroparity (Ranta et al.,
2000). A species is considered semelparous if it has a single reproductive episode before
death and iteroparous if it has multiple reproductive cycles over the course of its lifetime . In
semelparity, the organisms channel major resources towards maximizing reproduction in
one reproductive event, producing as many gametes/offspring as possible at the expense of
their life. The mechanisms through which environmental factors influence reproduction and
lifespan are mainly studied in iteroparous model organisms. Ageing studies on emerging
semelparous model organisms such as Oikopleura dioica, which invests a major proportion
of its energy budget in reproduction (Troedsson et al, 2002), might help us to better
understand the mechanistic link between lifespan and reproduction as well as the
environmental cues governing them. In the long run these studies could contribute to

improve health and delay ageing in individuals.
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1.1 Link between reproduction and lifespan

The relationship between lifespan and reproduction is an intriguing question that has
been studied using different model organisms. However, the investigations of the link
between lifespan extension and reproduction during unfavorable conditions have been
carried out in iteroparous invertebrate model organisms such as Caenorhabditis elegans and
Drosophila melanogaster. Many hypotheses have been proposed to understand the
association between reproduction and lifespan extension. The most well-known and widely
accepted hypothesis is the “Trade off” hypothesis, which suggests a relationship between
reproduction and lifespan extension of an organism (Adler et al., 2013). According to the
Trade off hypothesis, reproduction and lifespan are inversely related to each other and
thought to be an important process seen during nutrient-limited conditions (Partridge et al.,
2005). During scarcity of food there is a reduction in fecundity and delay in maturity
(Kirkwood & Rose, 1991). The limited resources are reallocated to enhance the chances of
survival during these unfavorable nutrient-limited conditions rather than investing in
reproduction since production of gametes is an energy intensive process (Partridge et al.,
2005). Thus, during such a food crisis, a reduction or absence of reproduction ensures
survival of an organism until the environment reaches favorable conditions. This strategy
effectively increases lifespan with modulate reproductive success and at the same time
increases the chances of survival of the progeny. This phenomenon of lifespan extension
under nutrient scarcity possibly functions as an adaptive strategy to increase the

evolutionary fitness of the organism.

1.1.1 Nutrient-dependent developmental arrest

Invertebrate model organisms such as C. elegans and Drosophila have been
extensively used in studies of reproductive growth arrest and lifespan as a proxy model
system to understand the process of ageing in humans. In C. elegans, exposure to nutrient
limitation induces developmental and reproductive arrest at different stages of its life cycle
(Figure 1). During the life cycle of C. elegans, adults lay embryos which progress through
different embryonic stages (gastrulation, comma stage, two and three-fold embryos) before

hatching in the L1 larval form (Pedersen, 2013). The larvae develop through L2, L3, and L4
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Figure 1. Lifespan extension through growth arrest in C. elegans. Adult C. elegans lay embryos
which undergo gastrulation, comma and 3-fold stage during embryogenesis to form L1 larvae. L1
larvae molt into L2, L3, and L4 stages to give rise to an adult under favorable growth conditions.
Worms can enter reproductive arrest and slow down metabolic activity during different stages of the
lifecycle, consequently increasing lifespan during nutrient limitation. When L1 larvae hatch in the
absence of nutrients, they enter “L1 Diapause” and halt further development until they find food.
Similarly, when L2 larvae encounter nutrient limitation, they enter an alternative reversible
developmental arrest called “Dauer” in which germ stem cell proliferation is arrested. Another
reproductive diapause called Adult Reproductive Diapause (ARD) occurs in post meiotic stage L4
or in adults, when they encounter food scarcity. In ARD, reproduction is poised by degrading most
of the germline, but an arrested state of germ stem cells is maintained. Upon re-feeding, germ cell
proliferation, meiosis and oogenesis are resumed. Bagging is another strategy in adults to overcome
nutrient-limited environments. Here the adult worm stops laying embryos which instead, continue
to develop within the mother. At hatching, these embryos consume the mother from inside out. The
mother does not survive but this ensures that the embryos have enough food to reach larval
diapause. (Adapted from Nanette & Tim, 2013).

larval stages through molting before they reach the adult stage. Interestingly, when food
becomes limiting, worms at different stages of larval development enter diapause where

reproductive development is completely blocked and their cellular metabolism is slowed
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down (Fielenbach & Antebi, 2008). If L1 larvae hatch in the absence of food, they enter “L1
diapause” and retain the L1 morphology, blocking further developmental progress (Baugh,
2013). When nutrients are available, arrested L1 larvae reinitiate their development.
Similarly, if L2 larvae encounter environments with less or no food or overcrowding, they
enter an alternate developmental form called “dauer larvae” (Fielenbach & Antebi, 2008). In
the dauer larvae, the development of the reproductive system ceases. They exhibit a
modified morphology where a specialized hard cuticle is formed, the mouth is closed by an
internal plug, and the pharynx is constricted such that pumping is blocked (You et al,
2010). The dauer larvae can persist for months and are resistant to stress and desiccation.
Even though growth and development is arrested in the dauer form, the larvae actively
search for food. When dauer larvae encounter food they re-enter the normal developmental
program at the L3 stage and proceed to adulthood. Another form of diapause occurs in C.
elegans when L4 or adults encounter starvation, which is called Adult Reproductive
Diapause (ARD) (Angelo & Van Gilst, 2009). ARD halts reproduction by causing apoptotic
death of the entire germline with the exception of a small population of cells called the
Germline Stem Cells (GSCs) in the mitotic zones that are apparently arrested in
proliferation. This ARD allows sexually mature adults to delay reproductive onset up to
fifteen fold and expand their lifespan up to three fold. Upon return to favorable conditions,
worms in ARD resume cell cycling in the reserved GSCs and become fully fertile adults.
Similarly, “Bagging” is another strategy adopted by adult C. elegans to overcome starvation
during nutrient-limited conditions wherein the adult nematodes stop laying embryos but
instead allow the embryos to continue their development within the mother (Chen &
Caswell-Chen, 2004, Chen & Caswell-Chen, 2003). Upon larval hatching, which now
occurs inside the mother, these embryos consume the mother from the inside out. The
mother does not survive but her demise ensures that the developing progeny have enough
food to reach larval development.

Similar to C. elegans, Drosophila also prolongs its lifespan by inducing
“reproductive diapause” in response to harsh environmental conditions such as low nutrient
availability or low temperatures (Tatar & Yin, 2001). Lifespan studies in Drosophila have
also shown that the germline responds to starvation similarly to ARD of C. elegans (Tatar &

Yin, 2001). During starvation, programmed cell death in the germline of Drosophila
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initiates at two different anatomical locations. One is in the region 2a of the Germanium
where cystoblasts divide to form germline cysts, which enter meiosis. The other is in the
stage 8 egg chambers at the onset of vitellogenesis. As in ARD of C. elegans, a small
population of GSCs is maintained in the Drosophila ovary during starvation (Drummond-
Barbosa et al., 2009), suggesting that upon nutrient deprivation, maintenance of GSCs is

essential during growth arrest and lifespan extension in iteroparous organisms.

1.1.2 Effect of gonadal signals on lifespan

Many studies have demonstrated that the removal of the reproductive system by
surgical means or genetic ablation significantly extends lifespan in several organisms
(Figure 2). For example, ovariectomy in Romalea microptera (Grass hoppers) (Drewry et
al., 2011) and gonadectomy in Oncorhynchus tshawytscha (Pacific Salmon) increases their
lifespans up to 3-5 fold (Robertson, 1961). Similar results have been reported in mammals
such as humans and mice. In humans, castrated men have been reported to live longer than
non-castrated fertile men (Min et al., 2012). Similarly, lifespan increased up to 60% in
overiectomized mice compared to non-ovariectomized wild type mice (Cargill ez al., 2003).
Additionally, transplantation of ovaries from young mice into old mice resulted in lifespan
extension in the old mice (Mason et al., 2009). These results suggest that there exists a
direct effect of signals from the gonad on lifespan extension, a phenomenon that is
conserved across invertebrates to vertebrates.

Mechanisms that abrogate reproduction have a dramatic effect on lifespan in C.
elegans and Drosophila (Figure 2a and 2b). In C. elegans, laser ablation of GSC
precursors Z2 and Z3 in the larvae, gives rise to adults without a germline, which have an
increased lifespan (Arantes-Oliveira et al., 2002). However, removal of somatic gonad
precursor cells (Z1 and Z4) along with GSCs did not increase the lifespan in C. elegans.
This finding suggests that lifespan extension in C. elegans does not occur merely by
rendering the organism sterile but might occur as a result of antagonistic signals produced
by the germline and the somatic gonads (Arantes-Oliveira et al., 2002, Antebi, 2013). In
addition to C. elegans, another nematode species, Prisrionchus pacificus, which diverged
from C. elegans 100 million years ago, also showed a similar effect (Arantes-Oliveira ef al.,

2002). In Drosophila, genetic manipulations involving the over-expression of germline



1. Introduction

differentiation factor Bag of marbles (Bam) also increases lifespan (Flatt et al., 2008). These
examples suggest that the association between germline and lifespan has been selected and

is maintained during the course of evolution.

Ablation o Ablation of germline Ovariectomy/
precurso (over-expression of bam) transplantation of young
ovareis into old mice

f germ
r cells
Normal lifespan
Long lifespan

Normal lifespan

Increases lifespan Increases lifespan Increases lifespan

Figure 2. Links between reproductive signaling and lifespan. A) The reproductive system in C.
elegans is derived from four germ precursor cells (Z1 to Z4). The Z1 and Z4 cells develop into the
somatic gonad, whereas Z2 and Z3 give rise to the germline. Laser ablation of Z2 and Z3 cells
results in loss of the germline, increasing the lifespan of the adult. However, laser ablation of all
four germ cells abrogates this effect and results in normal lifespan. B) Lifespan in Drosophila is
extended when bag of marbles (bam), a germline differentiation factor is over-expressed. C) In
mice, removal of ovaries or transplantation of young ovaries into the old mice increases lifespan.

1.2. Environmental cues influence lifespan

Nutrient sensing is fundamental to the growth, development and ageing of an
organism. Mutations in nutrient sensing genes or stress responsive genes impact lifespan
(Kallmann, 1956, Kenyon, 2010). Under conditions of abundant nutrients or absence of

environmental stress, these genes promote rapid growth and reproduction. However during
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adverse environmental conditions, organisms undergo global physiological changes
promoting cell protection to help increase survival (Kenyon, 2010). The Dietary Restriction
(DR) effect is one of the well-known phenomena causing lifespan extension in various
model organisms (Figure 3) including C. elegans, Drosophila and Mus musculus (Kenyon,
2010). The mechanism through which DR regulates lifespan is not well understood. Most
widely accepted hypothesis suggests that DR promotes lifespan extension by reducing the
uptake of nutrients and thereby reducing metabolic rate (Roth & Polotsky, 2012). This
hypothesis has been supported in a number of organisms including mammals where studies
involving calorie restriction resulted in lifespan extension by decreasing the rate of
metabolic activity, thus reducing the production of Reactive Oxygen Spices (ROS) and free
radicals, known to induce DNA damage and accelerate ageing (Roth & Polotsky, 2012). DR
also promotes lifespan extension by regulating conserved nutrient and stress signaling
pathways that are essential in coordinating the organismal and cellular response to nutrient
limitation (Tissenbaum, 2012). These pathways promote developmental arrest in response to
nutrient limitation. The most studied signaling pathways influencing lifespan include
Insulin/Insulin-like Growth Factor (IGF) signaling, Target Of Rapamycin (TOR) signaling,
AMP-activated protein kinase (AMPK) signaling and Mitogen-Activated Protein Kinase
(MAPKS) signaling.

1.2.1 Insulin/Insulin-like Growth Factor (IGF) signaling

The Insulin/Insulin-like Growth Factor (IGF) signaling pathway was the first
conserved pathway known to increase lifespan in worms, flies and mammals (Kenyon,
2010, Bartke, 2008b, Bartke, 2008a). Several genetic and functional studies on Insulin
signaling components show that inhibition of Insulin-dependent regulation results in
lifespan extension. The most exciting finding in ageing research was the identification of
mutations in single genes encoding Insulin-like receptor daf-2 (dauer formation-2) in C.
elegans (Kenyon et al., 1993). Mutations in daf-2 produce dauer-like growth arrested larvae
that live at least twice as long. As seen in C. elegans daf-2 mutants, mutants of Insulin
receptor /nR or Insulin receptor substrate chico induce reproductive diapause by reducing
Juvenile hormone (JH) levels in Drosophila (Tatar & Yin, 2001, Clancy et al., 2002).

Inhibition of Insulin/IGF-like signaling results in extended lifetime due to altered gene
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expression, activation and nuclear translocation of FOXO (Forkhead box protein O)
transcription factors (FOXOs; DAF-16 in C. elegans), which in turn activate stress resistant
genes (Figure 3). FOXOs also modify the expression profiles of anti-oxidants and genes
regulating the cell cycle, reproduction and development (Halaschek-Wiener et al., 2005,

Hansen et al., 2005, Lee et al., 2003).

L L R

Ins/IGF-1like Ins/IGF-1like IGF <= HG;,:;:E

| }
T TT
(o)
!

o

—r \ - .
Autophagy \

€

I
2 Y

Autophagy . l I

Global JH Glo‘ba[
‘ translation ‘ translation ‘
COoOOCOOEUrdr COOOOODpy

Long life Long life Long life

translation

OOCOOTT®»

Figure 3. Conserved nutrient signaling cascades regulate lifespan. Genetic and phenotypic
analyses in worms (A), flies (B) and mice (C) show that dietary restriction (DR) increases
lifespan by down-regulating Insulin/IGF-like signaling and TOR signaling pathways. The role of
TOR and its downstream effector S6K in influencing the ageing process by regulating global
translation is conserved in these three model organisms. DAF-16/FOXO transcription factors
which activate the cellular protective response are activated in the absence of IGF-1/AKT-
dependent signaling whereas HIF1 and SKN1 are inactivated in the absence of TOR/S6K. This
increases lifespan. In these model organisms, TOR inhibition results in lifespan extension
through reduction of ribosomal S6 kinase (S6K) activity and through autophagy in worms and
flies. In flies, negative effectors of TOR such as 4EBP1 are known to increase lifespan. TOR
inhibition by Rapamycin extends lifespan in Drosophila and mice. In flies, inhibition of IGF
signaling blocks juvenile hormone (JH) and increases lifespan by promoting growth arrest. In
mice, longevity effects of DR appear to involve reduced activity but not absence of GHR/IGF-1
signaling since DR does not extend lifespan further in GHR deficient mice (Modified from
Fontana et al., 2010).
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Studies in mice have also shown that mutations in Insulin receptor IGF-1 as well as
altered IGF signaling prolong lifespan (Bartke, 2008b, Kappeler et al., 2008, Selman et al.,
2008). Additionally, mice deficient in Growth Hormone Binding Receptor (GH-BR), which
is known to be activated by IGF-1, showed increased lifespan (Bartke, 2005). Interestingly,
FOXOs are also activated upon blocking of Insulin signaling in mice, similar to
invertebrates and increase lifespan (Greer & Brunet, 2005). Thus, the effects of Insulin/IGF-

like signaling and FOXOs on lifespan, appear to be conserved across species.

1.2.2. Target Of Rapamycin (TOR) signaling

TOR signaling, a major conserved signaling pathway, which acts downstream of
Insulin and amino acid signaling, is known to increase lifespan (Figure 3). TOR is a
serine/threonine kinase, which forms two different complexes called TORC1 (TOR
complex1) and TORC2 (TOR complex2). The complexes have different functions and both
are essential for viability (Loewith et al., 2002). TORC1 complex consists of TOR, Raptor
(Regulatory-associated protein of mTOR) and mLSt8 whereas the TORC2 complex
substitutes Rictor (Rapamycin-insensitive companion of mTOR) for Raptor. TOR kinases
transduce permissive signals for cell growth and cell division in response to the availability
of nutrients, growth factors, energy levels and cellular stress. When nutrients are plentiful,
TORCI signaling is activated mainly by IGF signaling to regulate protein synthesis. TOR
signaling mediates protein synthesis by regulating two main downstream effectors,
ribosomal S6 Kinase (S6K1) and eukaryotic initiation factor 4E (elF4E) binding protein
(4EBP1) (Figure 4). On the other hand, TORC2 acts downstream of IGF or stress response
signaling, to promote cell survival. It is also responsible for regulating actin organization in
the cytoskeleton. TORC1 but not TORC?2, is sensitive to the drug rapamycin produced by
Streptomyces hygroscopicus (Vezina et al., 1975). Rapamycin treatment has been shown to
increase the lifespan in Drosophila and mouse (Bjedov et al., 2010, Harrison et al., 2009).
Due to the availability of specific TORC1 inhibitors, TORC1 has been better studied than
TORC2. TORCI is activated by AKT (also known as Protein Kinase B, PKB) in response
to Insulin and other growth factors (Avruch et al., 2006). Activation of TORC1 by AKT is
mediated by inhibition of the Tuberous Sclerosis Complex 1/2 (TSC1/2), which inhibits
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TORCI activator Ras homolog enriched in brain (Rheb) (Inoki et al., 2003). TOR signaling
pathways have been the most studied pathways that are directly linked to DR mediating
lifespan extension. Genetic and rapamycin-mediated pharmacological inhibition of TOR
signaling mimics DR phenotypes in yeast, C. elegans and Drosophila resulting in increased
lifespan (Bjedov et al., 2010, Hansen et al., 2007, Kaeberlein et al., 2005, Kapahi et al.,
2004). TOR and daf-15 (Ortholog of raptor) mutants arrest at the L3 larval stage with a
phenotype similar to arrested dauer larvae (Long ef al., 2002). TOR inhibition seems to
activate a pathway distinct from Insulin/IGF pathways since it extends lifespan independent
of DAF-16/FOXO (Hansen et al., 2007, Jia et al., 2004, Vellai et al., 2003, Fontana et al.,
2010). It has also been proposed that TOR might act downstream of DAF-16, resulting in
lifespan extension in C. elegans (Vellai et al, 2003). Therefore it is possible, that
antagonistic functions of TOR and DAF-16/FOXO regulate growth and ageing (Robida-
Stubbs et al., 2012).

TOR signaling affects lifespan and ageing by regulating mRNA translation,
autophagy, stress response pathways and metabolic changes (Figure 4). Activation of TOR
promotes mRNA translation through phosphorylation of S6K1 and 4EBP1 to regulate cell
growth and number (Wullschleger et al., 2006, Thomas, 2002, Pan et al., 2007). Activation
of S6K1 results in phosphorylation of ribosomal protein S6, accompanied by up-regulation
of a class of mRNAs containing a 5> TOP motif (Terminal oligopyrimidine tract) present in
their 5> UTR. TOP motif functions as a cis-regulatory element for the control of mRNA
translation mediated by nutrient-dependent TOR signaling (Meyuhas, 2000). These mRNAs
then stimulate the production of ribosomal protein and ribosome biosynthesis (Jastrzebski et
al., 2007). Another TOR effector, 4EBP1, present in an inactive hypo-phosphorylated form,
acts as a translational repressor by binding elF4E. Activation of TOR phosphorylates
4EBP1 and releases el4E, which stimulates translation initiation in the 5’cap of mRNAs.
Thus when the level of nutrients and TOR activity are low, the rate of translation drops.
This phenomenon has an impact on the lifespan of an organism since inhibition of S6 kinase
(S6K) has been shown to extend lifespan in yeast, worms, flies and mice (Hansen et al.,
2007, Kaeberlein et al., 2005, Kapahi et al., 2004, Syntichaki et al., 2007, Selman, 2011,
Crittenden et al., 2002). Similarly, inhibition of translation by 4EBP1 extends lifespan in
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yeast, flies and mice (Hansen et al., 2007, Kaeberlein et al., 2005, Kapahi et al., 2004,
Syntichaki et al., 2007). The same effect was shown by inhibition of TOR signaling using
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Figure 4. Nutrient-dependent upstream regulation of TOR signaling. Target of rapamycin
complex (TORCI) activity is influenced by a number of positive (green) and negative (red)
upstream regulators. TORCI is activated by amino acids, nutrients, and Insulin signaling. TOR
activation is mediated by PI3K and AKT (a serine/threonine protein kinase), which inhibit the
TSC1/2 complex, thereby relieving TSCI1/2-mediated repression of the Rheb) and allowing
activation of TORCI. In contrast, low cellular energy levels (conveyed by AMP) activate AMP
kinase, which represses mTORC1 both through direct phosphorylation of TSC2 and through
regulatory associated protein of TOR (raptor) inhibition. The TSC1/2 complex thus acts to integrate
intracellular cues and extracellular conditions. Under unfavorable cellular conditions, the TSC1/2
complex represses the activation of Rheb to inhibit TORC1. TOR-dependent phosphorylation of the
4E-BP disrupts the interaction of 4E-BP with elF4E, which leaves eIlF4A free to promote the
binding of ribosomes to the translation start site. TORC1 also activates S6K, which activates the
translational initiation factor eI[F4B and the S6 ribosomal protein by direct phosphorylation. TORC1
signaling can inhibit autophagy as well.

rapamycin (Harrison ef al., 2009) or deletion of S6K1 (Selman ef al., 2009) in mouse. It can
be envisaged that reduced TOR activity might result in decreased global mRNA translation

and ribosomal synthesis, which might prevent growth and cause lifespan extension.

11



1. Introduction

Reduction of TOR signaling can also influence lifespan indirectly by acting on the salvage
autophagy pathway (Hands et al., 2009). Accordingly, when nutrients are abundant,
activation of TOR signaling prevents autophagy, whereas under nutrient-limitation, reduced
TOR signaling leads to autophagy. Studies using mutants of the insulin receptor in C.
elegans and Drosophila, which have reduced TOR activity, showed that reduction in TOR
activity induces autophagy and lifespan extension (Kenyon, 2010).

In addition to the functions described above, several studies have reported that TOR
signaling regulates germline differentiation in yeast, C. elegans and Drosophila. In C.
elegans, RSKS-1/S6K, a downstream effector of TOR signaling acts on the germline
autonomously to influence the expansion of the larval germline progenitor pool by both
promoting cell cycle progression and inhibiting differentiation (Korta et al, 2012).
Likewise, a negative regulator of TOR signaling TSC1/2, prevents GSC differentiation in
Drosophila (Sun et al., 2010). Interestingly, TOR inhibition is proposed to suppress the
translation of meiotic onset specific genes in Saccharomyces cerevisiae and prevents gamete
differentiation (Zheng & Schreiber, 1997). However, it is not clear to what extent the
pharmacological inhibition of TOR signaling affects the meiotic entry in GSCs, to influence

lifespan in multicellular organisms.

1.2.3. AMP-activated kinase (AMPK) signaling

Adenosine Mono Phosphate activated Kinase (AMPK) signaling has been widely
studied in many model organisms and is reported to regulate lifespan by integrating signals
from nutrient and energy dependent pathways (Salminen & Kaarniranta, 2012). Under
nutrient-limitation, the levels of AMP rise (high AMP/ATP ratio) activating AMP kinase.
Lifespan extension has been shown by over-expression of AMP kinase of C. elegans
(Apfeld et al, 2005) and by treatment with the anti-diabetic drug Metformin, which
activates AMP kinase signaling in mouse (Anisimov et al., 2008). In C. elegans, AMPK
signaling also activates lifespan extension factor, DAF-16, resulting in its translocation to
the nucleus to promote longevity (Greer et al., 2007). Alternatively, IGF signaling activated
in response to nutrients (High ATP, low AMP) prevents AMPK signaling and decreases
lifespan (Salminen & Kaarniranta, 2012). Furthermore, energy-dependent AMPK signaling

activated in response to low ATP levels, represses TOR signaling, to increase lifespan under
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nutrient-limited conditions in Drosophila (Stenesen et al., 2013, Kimura ef al., 2003).
Studies in C. elegans have also reported that AMPK inactivates TOR signaling and
increases lifespan (Apfeld et al., 2005). On the contrary, when AMPK activity is
compromised during starvation in C. elegans, animals have reduced survival and fail to
maintain mitotic quiescence in GSCs during L1 arrest. They develop into sterile adults upon
nutrient restoration, which suggests that AMPK signaling regulates lifespan and fertility.
These studies indicate that stress due to nutrient deprivation induces activation of AMPK
which might in turn activate DAF-16 to suppress TOR signaling thereby increasing lifespan

in multicellular organisms.

1.2.4. Survival MAPK signaling

Genetic and environmental factors influence lifespan extension through activation of
adaptive and defensive anti-stress responses (Gems & Partridge, 2008, Kaeberlein et al.,
2007). Under starvation or upon inhibition of nutrient-dependent signaling, resistance to
environmental stress is induced by activation of survival signaling which concomitantly
causes lifespan extension. Activation of the evolutionary conserved signaling Mitogen
Activated Protien Kinases (MAPK) is associated with increasing survival under various
environmental stress conditions. The survival MAPK signaling cascades consist of three
major components: MAPK, MAPK Kinase (MAPKK) and MAPKK Kinase (MAPKKK).
MAPK activation leads to activation of trancription factors resulting in changes in gene
expression profiles controlling cell proliferation, differentiation, survival and apoptosis.
Three families of MAPKs have been identified, namely, Extra cellular signal-Regulated
Kinase (ERKSs), stress activated protein kinases/ C-Jun N-terminal Kinases (JNKs) and p38
MAPKs.
a. MAPK ERK signaling pathway: ERK is a major MAPK signaling pathway activated in
response to various extracellulalar stimuli including presence of nutrients and growth
factors. On the other hand, there are a few reports which demonstrate that upon nutrient
depletion, ERK signaling is activated and influences survival and lifespan. MAPK ERK is
activated in calorie restricted rats and mice to increase survival and lifespan (Ikeyama et al.,
2002). Likewise, activation of ERK signaling, increases survival in human cells (Tresini et

al., 2007). Similarly, activation of ERK signaling enhances survival during starvation
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induced L1 growth arrest in C. elegans (You et al., 2006, Kang et al., 2007). Conversely,
loss of ERK signaling reduces survival and lifespan in C. elegans (Okuyama et al.,2010).
b. MAPK JNK pathway: MAPK JNK signaling is mainly activated in response to stress,
enhancing the survival and lifespan under unfavorable conditions (Mamay et al., 2003,
Hirosumi et al., 2002, Kajimoto & Kaneto, 2004). In C. elegans and Drosophila , INK
signaling induces nuclear localization of DAF-16/FOXO, and extends lifespan when insulin
signaling is inhibited (Oh et al., 2005, Wang et al., 2005, Essers et al., 2004).
c¢. MAPK p38 pathway: MAPK p38 signaling is predominantly activated by environmental
stress to increase survival and lifespan in C. elegans and Drosophila (Craig et al., 2004,
Inoue H 2001, Koga M, 2000). In germline of C. elegans, MAPK p38 is activated and
causes lifespan extension in daf-2 mutants probably by inducing the expression of stress-
resistant genes (Troemel et al., 2006, Alper et al., 2010). These findings suggest that the
activation of MAPK signaling plays an important role in survival and extending lifespan
under nutrient-limited stress or reduced insulin signaling activity.
Cross talk between MAPK and TOR signaling: MAPK and TOR signaling pathways
have been reported to cross talk in various organisms (Figure 5). Direct inhibition of TOR
signaling activates survival MAPK pathways in mammalian cells (Anjum & Blenis, 2008,
Cully et al., 2010, Liu et al., 2002). Inhibition of the TOR pathway activates MAPK to
promote survival and cell cycle progression in unicellular yeast also (Petersen & Nurse,
2007). Additionally, mammalian cancer cell lines overcome chemical TOR inhibition by
activating MAPK ERK1/2 signaling (Leung-Pineda et al., 2004, Carracedo et al., 2008).
TOR inhibition also activates MAPK p38 signaling in megakaryocytes (Martinet et al.,
2012) and glioblastoma cells (Cloninger et al., 2011) to increase survival. However,
activation of MAPK p38 under rapamycin-mediated inhibition of TOR signaling has not
been reported in multicellular organisms.

Mitogen and Stress Induced Kinase 1 (MSK1) is a common downstream effector of
both MAPK ERK and p38 survival pathways (van der Heide et al., 2011). MSK1 plays a
major role in stress-induced epigenetic changes and regulation of transcription under stress
and increases the survival during adverse environmental conditions (Mifsud et al., 2011).
MAPK ERK and p38 pathways activate TOR signaling to regulate mRNA translation in
mammalian cells (Anjum & Blenis, 2008, Cully et al., 2010, Liu et al., 2002). It has been
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Figure 5. Cross-talk between TOR and MAPK signaling. The Mitogen-Activated Protein Kinase
(MAPK) ERK1/2 pathway, induced by mitogens and growth factors, activates TOR signaling and
TOR effector ribosomal S6 kinase (S6K). Mitogen Stress activated protein Kinases (MSKs) are
activated by mitogens, growth factors and stress through the ERK and p38 pathways. Both the
MEK inhibitor U0126 and the p38 inhibitor SB203580 have been used to delineate the function of
MSKs. MSKs and RSKs (90 KDa Ribosomal S6 Kinase) are required for the stress-induced
phosphorylation of the transcription factors CREB and activating transcription factor-1 (AP1),
which activate D-type cyclins. Activated RSKs and MSKs positively regulate TOR-independent
translation. Activated RSKs phosphorylate TSC2 and inactivate its tumour-suppressor function,
thereby promoting TOR signaling and translation of TOR-dependent targets. MSK1 phosphorylates
4EBP1 whereas RSK phosphorylates Ribosomal S6 in response to MAPK-pathway activation, via
TOR-independent pathway.

reported that MSK1 activates 4EBP1, a downstream effector of TOR and positively

regulates translation in mammalian cells (Liu et a/ 2010). Thus, activation of MAPK
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signaling under nutrient-stress or TOR inhibition increases survival possibly by regulating

global translation and by activating stress resistant genes.

1.3. Gonadal organization and GSCs regulation in iteroparous model organisms
Iteroparous model organisms have been routinely investigated to establish the link
between reproductive axis and lifespan. As described earlier, several reports have
demonstrated that signals from reproductive tissues and GSCs influence lifespan. As known
for adult stem cells, proliferation and differentiation of GSCs is regulated by concerted
effects of environmental cues and intrinsic programs (Li & Xie, 2005, Morrison &
Spradling, 2008). The in vivo effects of intrinsic and extrinsic factors on cell cycle
regulation in GSCs of invertebrate models Drosophila and C. elegans have been established
(Li & Xie, 2005). However, the nature of this regulation in vertebrate models is not yet

clear.

1.3.1. Caenorhabditis elegans

Caenorhabditis elegans is a hermaphrodite organism with an iteroparous mode of
reproduction. The reproductive tract in C. elegans is comprised of two U shaped gonadal
tubes which fuse at their proximal ends to form a common uterus (Figure 6a). The distal
end of the gonadal tubes contains the Distal Tip Cell (DTC). The DTC of the gonad serves
as the stem cell niche and maintains a group of approximately 200 asynchronous mitotically
dividing nuclei in a syncytium (Spradling A et al., 2001). By convention, GSCs in C.
elegans refers to germ nuclei surrounded by cytoplasm which is connected to the central
core of germline cytoplasm called the “rachis” in a syncytial environment (Hirsh et al.,
1976, Cinquin et al., 2010). Short-range signals from the DTC regulate GSC specification
and proliferation. These mitotic nuclei gradually migrate away from the DTC zone, forming
a transition zone proximal to the DTC. As these nuclei move further proximally from the
transition zone, they enter early meiotic prophase at the proximal end of the gonadal tubes.
Laser ablation of the DTC causes all GSCs in the mitotic zone to arrest proliferation and
enter meiosis. Thus, the DTC is essential for mitotic proliferation of GSCs (Kimble &
White, 1981). Signals from the DTC regulate self-renewal and differentiation of GSCs
mainly through mRNA translational control of cell fate determinants (Figure 6¢). The DTC
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produces Lag2/Delta ligands, which bind GLP-1/Notch receptors on the adjacent mitotic
nuclei to activate GLP-1 signaling. GLP-1 signaling in these nuclei activates Pumilio-like
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Figure 6. Organization of the ovary in iteroparous model organisms. A) Schematic
representation of C. elegans germ nuclei in the gonadal tube. The germ nuclei are generated
by mitotic divisions in response to signals from the Distal Tip Cell (DTC) at the distal end
of each gonadal tube. As the nuclei move away from the DTC, they initiate meiosis in the
transition zone and arrest at the pachytene stage of meiosis I. Around the time the nuclei
reach the bend in the gonadal tube (past the transition zone), oogenesis is initiated. The
germ nuclei exit pachytene and enter diplotene, arresting for a second time in diakinesis, the
final stage of meiotic prophase. Germ nuclei become fully cellularized oocytes, following
which they grow dramatically in size. The oocytes proceed in a single file through the
gonadal tube, with the most mature oocyte present directly adjacent to the spermatheca. B)
Schematic representation of the Drosophila germarium, the anterior most structure of each
ovariole. Germ stem cells (GSCs) are located near the terminal filament (TF) and cap cells.
In response to signals from the cap cells, GSCs asymmetrically divide to renew GSCs and to
produce cystoblasts. The cystoblasts will subsequently divide synchronously four times to
produce a cyst of 16 cystocytes. One cystocyte is then selected to form the oocyte. C)
Simplified signaling mechanisms of the C. elegans GSC niche. The DTC functions as a
niche to maintain GSCs, allowing germ cells beyond the signaling of the niche to
differentiate. DTC-expressing LAG-2/Delta, can activate GLP1/ Notch signaling, maintain
functions of the RNA binding proteins FBF1 and FBF2, and can repress functions of

17



1. Introduction

differentiation-promoting GLD genes to control GSC self-renewal. The FBF proteins
suppress CKI-2 which inhibits the Cyclin E-CDK2 and promotes GSC proliferation.

translational repressors FBF-1, FBF-2 and MAPK phosphatase lip-1 (Lamont et al., 2004,
Lee et al., 2006), to suppress intrinsic germ cell differentiation. This is achieved by
repressing expression of differentiation-inducing genes such as gld-1, 2 and 3 (Crittenden et
al., 2002). Thus, in iteroparous C. elegans, the DTC zone is instrumental in specifying GSC
fate to the adjacent mitotic nuclei and regulating GSC proliferation by repressing

differentiation factors and maintaining the expression of stemness genes.

1.3.2 Drosophila melanogaster

The germline in iteroparous Drosophila females is comprised of two to three GSCs
located at the tip of the ovariole in a structure called the germarium (Shim et al., 2013)
(Figure 6b). Three different types of somatic cells, namely the Terminal filament, Cap cells
and Escort cells surround the GSCs in the ovariole. Terminal filament, cap and escort cells
constitute the niche, which signals GSCs to undergo self-renewal or differentiation (Hanna
& Hennebold, 2014, Xie & Spradling, 2000). Cap cells are anchored to GSCs through E-
cadherin mediated cell adhesion. The number of GSCs correlates with the number of cap
cells. Cap cells produce BMP-like Dpp and Notch signals that are responsible for
maintaining the stemness of GSCs by suppressing the expression of differentiation markers.
Signals secreted from the cap cells are short range and these signals cannot influence cells
more than one cell diameter away (Shim ef al., 2013). Normally, a GSC divides mitotically
to produce two daughter cells. Two or three GSCs are found in each germarium and form a
direct connection with the cap cells, from which they receive supportive signals. The
anterior region of each GSC has a single fusome/spectrosome which ensures asymmetical
division of GSCs. GSCs continuously self-renew by asymmetric division, in which the
daughter cell that directly adheres to the cap cells becomes another GSC. The other daughter
cell moves one cell away from the cap cells and eventually gives rise to a cystoblast.
Cystoblasts subsequently divide synchronously four times with incomplete cytokinesis to
produce interconnected 16-cell cysts, where one of the interconnected cells will differentiate
into a growing oocyte. The balance between self-renewal and differentiation is maintained

by the local micro-environmental niche signaling.
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1.4 Nutrient-dependent signaling regulates cell cycle progression and influences
lifespan

Nutrient-dependent or growth factor mediated extracellular signaling is a key
determinant of growth and development in multicellular organisms. It increases both cell
number and size. Inhibition of nutrient-dependent signaling induces growth arrest by
preventing cell cycle progression in both somatic and reproductive tissues. Insulin/IGF,
TOR and MAPK signaling pathways are a few nutrient-dependent pathways that directly
regulate proliferation and differentiation in both somatic and reproductive tissues by altering

the expression of various genes.

1.4.1 The cell cycle

Development in multicellular organisms from a single-celled zygote to an adult
requires multiple rounds of cell division (cell proliferation) and differentiation. During each
cell division, cells complete a series of orchestrated events called the cell cycle (Figure 7a).
The cell cycle starts with a gap phase called Gl that integrates the cell cycle with
extracellular growth and developmental stimuli. Based on external signals received during
G1, cells either temporarily (reversibly) or permanently (irreversibly) exit the cell cycle and
enter a quiescent or arrested phase known as GO arrest (Sherr, 1995). Once the cell commits
to proliferation in G1 based on external stimuli, it enters the next phase called S phase
(DNA synthesis phase). Accurate duplication of the genome occurs during S phase followed
by a second gap phase called G2. The segregation of duplicated complete sets of
chromosomes to each of the daughter cells occurs during the M phase (mitotic phase).
During the course of growth and development of an organism, variations of this typical
mitotic cell cycle (G1-S-G2-M) are used to fulfill specific requirements. These include
rapid embryonic cell cycles that consist exclusively of S and M-phases, while lacking G1
and G2 phases. Another widespread variation of the cell cycle is called endo-reduplication.
Endo-reduplication (also called endoreplication or polytenization) is the replication of the
DNA content in the absence of cytokinesis, which results in increased DNA content and
polyploidy. It is a cell cycle variant in which mitosis is either partially or completely

avoided.
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Figure 7. Nutrient signaling promotes the cell cycle. A) Schematic representation of mitotic cell
cycle regulation. Different phases of the mitotic cell cycle are regulated by specific CDK-Cyclin
complexes. Nutrient signaling activates TOR and initiates cell cycle progression mainly in G1 phase
through increasing Cyclin D expression as well as inhibiting the negative regulatory CDK inhibitors
(CKI) which are generally involved in Cyclin D degradation. Similarly, nutrient signaling
negatively regulates GSK 3B, which activates CKI. Starvation can arrest the cell cycle in a
reversible GO state. B) Transition from GI to S phase of the cell cycle is in part driven by
Retinoblastoma (Rb) phosphorylation that leads to the release of E2F transcription factors and
activation of genes involved in cell cycle progression. The G1 regulators Cyclin D-CDK 4/6
complexes and CyclinE-CDK2 complexes catalyse Rb phosphorylation. Cyclin-dependent kinase
inhibitors (CKI) can inhibit CDK activity which causes cell cycle arrest. C) Schematic
representation of cell cycle variants in which specific cell cycle phases are omitted/truncated.
Endoreduplicative cell cycles either bypass mitosis completely or partially, leading to a polyploid
DNA content in a cell. Embryonic cell cycles lack both G1 and G2 phases and proliferation is rapid.
Another variant of the cell cycle, the Germ stem cell (GSC) cell cycle in C. elegans and Drosophila
progresses through a very short or absent G1 phase followed by S, G2 and M phases.
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Depending on whether mitotic events are allowed to occur and the configuration of the
genetic material, endo-reduplication can be defined as endocycling and endomitosis. During
endocycling, the cell largely avoids mitosis and the duplicated chromatids remain physically
associated to each other. Repeated rounds of endocycling can lead to the formation of
polytene chromosomes in which sister chromatids are arranged as tightly packed parallel
arrays. Endomitosis, on the other hand, allows the cells to undergo aspects of mitosis but
fails to initiate telophase. As a result, duplicated chromosomes produced by endomitosis
exist as discrete units in a single polyploid nucleus or may be packaged into separate nuclei,
depending on the phase during which mitosis was aborted. (Edgar & Orr-Weaver, 2001).
Another cell cycle variant reported in GSCs of C. elegans and Drosophila, consists of G2,
M and S phases but has a very short or absent G1 phase (Figure 7c).

Cell cycle progression is governed by specific combinations of two major
evolutionary conserved protein families known as Cyclin Dependent Kinases (CDKs) and
their specific cofactors called Cyclins. They form a core regulatory complex which controls
the transition between the phases and checkpoints during the cell cycle (Malumbres &
Barbacid, 2009). During the cell cycle, the expression of different CDKs remains fairly
constant whereas the level of cell cycle phase specific Cyclins oscillates. Oscillation of the
Cyclins controls the activation of specific Cyclin-CDK complexes which ultimately drive
the cell through different phases of the cell cycle (Vermeulen et al., 2003). For instance,
CDK1, the first human CDK to be identified, associates with either Cyclin A or B. The
Cyclin B-CDK1 complex forms the M phase promoting factor (MPF), which drives the
transition between G2 phase and M phase, as well as early M phase. Another mammalian
CDK, CDK2, can form a complex with Cyclin E or A. The Cyclin E-CDK2 complex
regulates G1 to S phase transition whereas the Cyclin A-CDK2 complex regulates the S
phase. Other CDKs, CDK4 and CDK6 interact with either Cyclins D1, D2, or D3
(Malumbres & Barbacid, 2009) and promote cell cycle progression during G1 phase in
response to environmental cues. The functional specificity of Cyclin D-CDK4/6 complexes
is determined by the bound D-type cyclins and not by the bound CDK (Malumbres &
Barbacid, 2005). The activity of Cyclin-CDK complexes is negatively regulated by direct
interactions with proteins referred to as Cyclin dependent Kinase Inhibitors (CKls). CKIs

are divided into two major families: the INK4 (inhibitor of CDK4) family, which
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specifically inhibits the Cyclin D-CDK4/6 complexes and the Cip/Kip (Kinase inhibitor
protein) family, which inhibits most of the Cyclin-CDK complexes (Sherr & Roberts,
1999).

1.4.2 Extracellular cues activate the G1 regulator Cyclin D-CDK4/6 complex

The ultimate function of nutrient and mitogenic extracellular signaling, along with
intrinsic factors is to trigger the activation of CDKs, which regulate the early events of cell
cycle progression. Extracellular signaling initiates the cell cycle by activating G1 phase
regulators such as D-type cyclins and CDK4/6 complexes. The failure to activate Cyclin D-
CDK4/6 complexes causes a cell cycle arrest in GO phase (Sherr, 1995). The level of Cyclin
D expression begins to rise during early G1 phase, continues to accumulate until late G1
phase and gradually falls. A decline in the expression of D-type cyclins during late G1
phase marks the onset of S phase and the G1-S transition. In mammalian mitotic cell cycles,
the regulatory subunits CDK and D-type cyclins are the rate-limiting factors, which control
the progress of G1 phase. The Cyclin D-CDK4/6 and Cyclin E-CDK2 complexes regulate
the cell cycle catalytically by phosphorylating Retinoblastoma (Rb), consequently activating
the E2F transcription factor that promotes the G1-S transition (Sheaff et al., 1997). Non-
phosphorylated Rb sequesters E2F and prevents cell cycle progression (Figure 7b). Once
the cell crosses the G1 restriction point, it is committed to progression through the entire
cell cycle through cyclical expression of Cyclins E, A, and B. In mammalian cells,
depending upon the cell lineage, different D-type cyclins (D1, D2 and D3) are induced by a
mitogenic signal during G1 phase. However, invertebrate models such as C. elegans and
Drosophila have a single D-type cyclin that regulates the G1-S transition (Park & Krause,
1999, Datar et al., 2000). D-type cyclins also play many non-catalytic roles to regulate the
cell cycle. Cyclin D1 acts as a transcription modulator and regulates the activity of several
transcription factors and histone deacetylases in humans (Coqueret, 2002). D-type cyclins
also activate the Cyclin E-CDK2 complex indirectly by sequestering CKI, a negative
regulator of G1 phase (Sherr & Roberts, 1999). CKI inhibits the Cyclin E-CDK2 complex
and causes cell cycle arrest during G1-S transition (Figure 8) (Sherr & Roberts, 1999). D-
type cyclins play a pivotal role in regulating the G1 phase of the cell cycle either
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catalytically or non-catalytically, hence they are primarily regulated by various growth
regulating signaling pathways to control proliferation in response to extrinsic cues.

Nutrient-dependent signaling such as MAPK, TOR and Insulin/IGF signaling
regulate Cyclin D levels through transcriptional, translational and stability controls. MAPK
signaling stimulates transcription of Cyclin D by activating transcription factors such as
Activation Protein 1 (AP-1) or Cyclic AMP Responsive Element Binding protein 1
(CREBI1). Similarly, TOR signaling positively regulates the cell cycle by inducing the
translation of cyclin D mRNA (Wang & Proud, 2009). Insulin/IGF signaling promotes the
cell cycle by regulating the stability of Cyclin D expression. Cyclin D-CDK4 complexes in
quiescent cells are inhibited by Glycogen Synthase Kinase-3p (GSK-3pB) mediated
phosphorylation of Cyclin D at T286, which causes nuclear export and cytoplasmic
destruction of the Cyclin D-CDK4 complex (Takahashi-Yanaga & Sasaguri, 2008).
Nutrient-dependent signaling negatively regulates GSK-3p activation, thereby promoting
the stability of Cyclin D. In the absence of Insulin/IGF signaling, GSK-3p is activated and
degrades the Cyclin D-CDK4 complex causing cell cycle arrest in GO. GSK-3p also
phosphorylates and inhibits AP1, a transcription factor that promotes cyclin D expression.
Thus, D-type cyclins function as a node for major growth regulating signaling pathways that
promote cell proliferation in response to nutrient availability.

Another major class of G1 regulators the Cip/Kip (p2land p27) family of CKI is
negatively regulated by nutrient-dependent signaling. CKlIs inhibit the activity of Cyclin-
CDK complexes thereby preventing cell cycle progression. Most notably CKlIs inhibit the
Cyclin D-CDK4/6 and Cyclin E-CDK2 complexes to cause cell cycle arrest during
unfavorable conditions in several organisms including C. elegans, Drosophila and mammals
(Meyer et al., 2000, Hong et al., 1998, Sherr & Roberts, 1999). In C. elegans, CKI-1
interacts with the Cyclin D-CDK4 and Cyclin E-CDK2 complexes and inhibits their activity
during starvation. Not much is known about another CKI found in C. elegans, CKI-2, in
regulating the function of the Cyclin D-CDK4 and Cyclin E-CDK2 complexes (Boxem &
van den Heuvel, 2001). Although CKI Dacapo has been reported to bind and inhibit the
activity of the Cyclin E-CDK2 complexes in Drosophila, it does not bind the Cyclin D-
CDK4 complex or regulate its activity (Meyer et al., 2000). Similarly, p21 and p27 in
mammals, bind and inhibit the activity of Cyclin D-CDK4 and Cyclin E-CDK2 complexes
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during unfavorable conditions (Sherr & Roberts, 1999). However, it has been reported that
p27 also acts as an assembly factor for forming active nuclear Cyclin D-CDK4/6 complexes
and promotes G1 progression in mammalian cells during favorable conditions (Larrea ef al.,
2008).

In C. elegans, activation of CKI-1 blocks the G1-S transition in L1 diapause and
dauer larvae (Hong ef al., 1998). During starvation, absence of nutrient-dependent signaling
activates DAF-16 which results in transcription of CKI-/ and causes cell cycle arrest in C.
elegans (Baugh & Sternberg, 2006). Similarly, FOXO also positively regulates the
transcription of p27 in mammalian cells during starvation (Dijkers et al., 2000). It has been

shown that nutrient-dependent signaling influences CKI activity by regulating its cellular
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Figure 8. Regulation of CDK inhibitors during cell cycle entry. Schematic representation
of regulation of Cip/Kip family CKI. A) G1-S transition promoting Cyclin E-CDK2 activity
is inhibited by CKI causing reversible GO arrest. Upon mitogenic stimulation,
phosphorylation of CKI at multiple sites, results in export from the nucleus and destruction
by cytoplasmic proteasomal complexes. B) After mitogenic stimulation, increasing numbers
of Cyclin D-CDK4 complexes associate with CKI thereby reducing the amount of CKI
available for inhibitory binding of Cyclin E-CDK2. This promotes S phase entry.

localization. Serum and glucocorticoid-regulated kinase 1 (SGK1), a downstream effector of
TOR signaling phosphorylates p27, which promotes the cytoplasmic retention of p27
promoting the G1-S transition (Hong ef al., 2008). D-type cyclins also have been reported to
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sequester CKI, p21 and p27 either in cytoplasm or nucleus to promote G1-S transition in
mammalian cells under nutrient-deprived conditions (Figure 8) (Kim et al, 2009,
Meyyappan et al., 1998, Narbonne & Roy, 2006a, Perez-Roger et al., 1999, Bouchard et al.,
1999). Thus, sequestration of up-regulated CKI by activation of D-type cyclins possibly

helps to overcome the block of G1-S transition under nutrient deprivation.

1.4.3 Nutrient signaling differentially regulates mitotic and endoreduplicative cell cycle
variants

Organisms grow either by increasing cell number through mitotic cell division, or by
increasing cell size through endoreduplication or by both. In C. elegans and Drosophila
larvae, overall growth occurs mainly through endoreduplication (Edgar & Orr-Weaver,
2001, Lozano et al., 2006). However, endoreduplication-associated growth in these
organisms is usually confined to specialized cell types that perform specific biological
functions and is not a universal mechanism that controls organism size. Endoreduplication
usually occurs in tissues that develop rapidly and have a very high metabolic activity (Lee et
al., 2009). This endoreduplicative mode provides an efficient strategy for growth as well as
resistance to genotoxic stress. The same cell cycle regulators that control G1 and S phase of
mitotic cell cycles regulate the progression of endocycles. However, nutrient-dependent
signaling regulates endocycling and the mitotic cell cycle in different ways (Figure 9)
(Britton & Edgar, 1998). In endocycling cells of Drosophila larvae, withdrawal of nutrients
causes an immediate cell cycle arrest whereas re-feeding immediately initiates the cell cycle
in quiescent endocycling cells (Britton & Edgar, 1998). These findings suggest that
endocycling progression is highly responsive to the availability of nutrients. In contrast, in
mitotic cells, nutrient withdrawal does not cause an immediate cell cycle arrest but reduces
cell cycle progression gradually. Thus nutrient-dependent signaling is essential for cell cycle
progression in somatic as well as endocycling cells but might have a different mechanism of
action operating in these two cell types.

Signals from amino acids alone can activate quiescent endocycling cells and this
response is mediated at the cellular level by the TOR pathway in Drosophila larvae (Britton
et al., 2002, Britton & Edgar, 1998, Brogiolo et al., 2001). Reduction in Insulin/IGF-like

signaling inhibits endocycles and results in small cells with reduced ploidy whereas
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Figure 9. Nutrient signaling differentially regulates mitotic and endocycling cells. A)
Endocycling cells respond immediately to starvation by undergoing cell cycle arrest and upon
re-feeding they re-enter the cell cycle. Nutrients and amino acid-mediated TOR signaling
stimulate endocycling cells to enter S-phase. The requirement for dietary amino acids/TOR
activation can be bypassed by ectopic expression of G1-S transition factors Cyclin E or E2F.
TOR signaling is continuously required for these tissues to remain in the cycling state. B) In
mitotic cells, starvation gradually arrests cell cycle progression. Nutritional input is required
only at the time of cell cycle activation. Inhibition of TOR does not affect the proliferation of
mitotic cells. Nutrient signaling may regulate the production or secretion of fat body-derived
mitogenic factors that in turn regulate mitotic cell cycle progression. (Modified from Britton
& Edgar, 1998).

activation of Insulin/IGF-like signaling induces endocycle progression and results in larger
than normal cells with increased ploidy (Hafen & Stocker, 2003). In Drosophila and C.
elegans, loss of TOR function also reduces cytoplasmic volume in endocycling tissues
whereas mitotic cells grow normally, suggesting that TOR activation differentially regulates
mitotic and endocycling cells (Jia et al., 2004, Long et al., 2002, Oldham et al., 2000).
Further, investigations involving upstream regulators of TOR such as TSC1/2 or Rheb in
Drosophila imply that TOR activation stimulates growth and endocycle progression,
whereas its inhibition has the opposite effect (Saucedo et al., 2003, Stocker et al., 2003,
Zhang et al., 2003). Moreover, activation of Insulin/IGF-like signaling or TOR activity can

bypass starvation arrest and initiate S phase progression (Britton et al., 2002). These
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findings suggest that Insulin/TOR signaling is inhibited during nutrient-limited conditions
resulting in arrest of endocycles.

Nutrient-dependent oscillation of the G1-S regulator Cyclin E, is the driving force for
endocycle progression (Lilly & Spradling, 1996, Royzman et al., 1997, Weng et al., 2003,
Zielke et al., 2011, Delsuc et al., 2008). Nutrient withdrawal in Drosophila larvae induces
cell cycle arrest in both endocycling and mitotic cells. Ectopic expression of Cyclin E
stimulates S phase entry in these arrested endocycling cells, but not in the arrested mitotic
cells (Britton & Edgar, 1998) suggesting that expression of Cyclin E differentially regulates
endocycling and mitotic cells. Activation of TOR or ectopic expression of Cyclin E
stimulates S-phase entry of arrested endocycling cells, thus it can be anticipated that the
progression of endocycles occurs in response to TOR-mediated cyclin E translation (Britton
& Edgar, 1998). In addition to Cyclin E, other G1 regulators such as Cyclin D-CDK4
complexes also regulate cell growth in Drosophila. Over-expression of Cyclin D and
CDK4 stimulates growth in endocycling cells resulting in an increase in final ploidy in
Drosophila (Meyer et al., 2000, Datar et al., 2000). In contrast to the mammalian cell cycle,
Drosophila Cyclin D functions primarily in promoting growth and does not have a direct
role in promoting cell cycle progression (Datar et al., 2000). Moreover the mechanism by
which Cyclin D-CDK4 complexes control growth is not known but it does not appear to
involve either the regulation of Rb/E2F or the Insulin/IGF pathways in Drosophila (Lee et
al., 2009).

E2F transcription factors constitute another family of major cell cycle regulators
known to activate transcription of several genes whose products are essential for entering S
phase and initiating DNA replication (Black & Azizkhan-Clifford, 1999). Hypo-
phosphorylated Rb binds E2F1 and prevents its function. Release of E2F1 is mediated by
phosphorylation of Rb at multiple serine and threonine residues by Cyclin-CDK complexes.
E2Fs are also known to act as growth sensors in mitotic (Real S, 2011) and endocycling
cells (Zielke et al., 2011). In mammals, the E2F family consists of nine proteins, which can
be broadly classified into the typical and atypical E2Fs (Chen et al., 2009). The typical
activator E2Fs (E2F1, E2F2, E2F3a) and typical repressor E2Fs (E2F3b, E2F4, E2F5 and
E2F6) differ from the atypical E2Fs (E2F7 and E2F8) in many ways. Activator E2Fs

dimerize with DP (Dimerization protein) to bind target promoters whereas atypical repressor
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E2Fs bind target promoters independent of DP proteins. Classical activator and repressor
E2Fs possess only one DNA-binding domain but atypical E2F possess two DNA binding
domains. Recent studies in Drosophila revealed that TOR signaling regulates the level of
E2F1 to control endocycling in salivary glands (Zielke et al., 2011). E2F1 levels peak
during G phase and decrease during S phase whereas stabilized E2F1 levels arrest
endocycling in salivary glands. Similar to G1-S regulators such as Cyclin E, ectopic
expression of E2F1 promotes S phase entry in arrested endocycling cells but not in arrested
mitotic cells (Britton & Edgar, 1998, Zielke et al., 2011). Thus, TOR signaling differentially

regulates endocycling and mitotic cells mainly by altering the translation of G1 regulators.

1.4.4 The cell cycle in GSCs of invertebrates

In invertebrate model organisms such as C. elegans and Drosophila, regulation of the
core cell cycle machinery in somatic cells differs from the regulation of GSCs (Noatynska et
al., 2013). Unlike somatic cells, the cell cycle in these invertebrate GSCs, either lacks the
G1 phase or has a very short G1 phase (Hsu et al., 2008, Fox et al., 2011). Other stem cell
types such as embryonic stem cells in mammals also have a short G1 phase (Singh &
Dalton, 2009, Becker et al., 2006). Decreasing G1 phase length has been proposed as a
strategy adapted by GSCs and other stem cell types, to enhance self-renewal. A decreased
G1 phase length limits their sensitivity to signaling which induces differentiation, in GSCs
(Lange & Calegari, 2010, Singh & Dalton, 2009, Orford & Scadden, 2008, Becker et al.,
2006). However, it has been reported that prolonging G1 phase in mouse embryonic stem
cells did not promote differentiation (Li ef al., 2012).

The Gl phase regulator Cyclin D plays a major role in self-renewal and
differentiation in mouse spermatogonial stem cells, which have a well-defined G1 phase
(Beumer et al., 2000). However, due to the absent/short G1 phase in GSCs of C. elegans
and Drosophila, the role of Cyclin D and CDK4 in G1 progression has not been reported.
Nonetheless, in Drosophila and C. elegans it has been reported that Cyclin E-CDK2 activity
possibly bypasses the need for upstream G1 phase regulation by Cyclin D-CDK4 complexes
in GSC proliferation (Wang & Kalderon, 2009, Fox et al., 2011). In C. elegans, Cyclin E is
expressed throughout the GSC cell cycle. In the mitotic zone of the gonadal tube, Cyclin E-

CDK2 complexes promote self-renewal and stemness in GSCs by negatively regulating the
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stability of GLD-1 (Germline development Defective 1), a differentiation factor (Jeong et
al., 2011). Moreover, the expression of differentiation factor g/d-I mRNA is also inhibited
by RNA binding proteins FBF1 and FBF2 (Figure 6C). In the transition zone, in the
absence of FBF1 and FBF2, GLD-1 inhibits cyclin E expression promoting GSC
differentiation (Jeong et al., 2011). Similarly, in Drosophila, niche signaling induces Cyclin
E expression throughout the cell cycle of GSCs and maintains stemness (Wang & Kalderon,

2009, Ables & Drummond-Barbosa, 2013).

1.4.5 Nutrient signaling regulates GSC proliferation and lifespan extension

As we described earlier in section 1.1.2, signaling from reproductive tissues is
directly linked with lifespan in iteroparous models. Self-renewal and differentiation of
GSCs is regulated by external stimuli such as nutrients, hormones or physical injuries in
addition to local niche signaling (Ables et al., 2012). In Drosophila and C. elegans, GSC
proliferation and differentiation is regulated to modulate the lifespan of the organism under
limited resources (Shim et al., 2002, Drummond-Barbosa & Spradling, 2001). GSCs carry
information that needs to be transferred from one generation to the next. Therefore,
maintaining the genetic integrity of this information is critical to prevent deleterious effects.
Thus, it can be anticipated that during unfavorable environmental conditions, GSCs become
quiescent in order to minimize the risk of acquiring deleterious mutations.

Insulin-like signaling has extensive roles in GSC proliferation in Drosophila and C.
elegans (Ables et al., 2012, Narbonne & Roy, 2006b). Functional impairment of
Insulin/IGF signaling in daf-2, daf-16 and dauer mutants in C. elegans have very few
mitotically dividing GSCs when compared to wild type (Michaelson et al., 2010, Narbonne
& Roy, 2006b). Similarly, during starvation, or absence of Insulin mediated PI3K signaling,
expression of FOXOs prevents GSC proliferation (Hsu et al., 2008). Nutrient-dependent
Insulin/IGF signaling regulates GSC proliferation independent of signals from the niche
environment (Drummond-Barbosa & Spradling, 2001, Narbonne & Roy, 2006a). In
Drosophila loss of the Insulin receptor substrate chico results in sterile adults (Bohni et al.,
1999). Similarly, loss of inR in GSCs suppresses GSC proliferation, cyst growth and yolk
deposition. Thus, Insulin/IGF signaling regulates GSC proliferation in iteroparous C.

elegans and Drosophila. Nuclear localization of DAF-16 in the germline and the ablation of
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the germline extends lifespan in C. elegans (Berman & Kenyon, 2006). Moreover, DAF-16
was also localized to the nucleus of the somatic intestinal tissue in long-lived C. elegans
wherein the germline was ablated (Berman & Kenyon, 2006). DAF-18 (Phosphatase and
tensin homolog (PTEN) orthologue), a suppressor of AKT signaling, is required for nuclear
translocation of DAF-16 to regulate gene expression and increase lifespan (Lin et al., 2001).
These findings suggest that the germline mediated reproductive signaling influences
longevity in a DAF-16 dependent manner. daf-2, insulin signaling mutants have also been
reported to exhibit lifespan extension similar to that associated with removal of the
germline. Interestingly, double mutants of daf-2 and daf-18 do not alter lifespan, probably
due to failure of nuclear translocation of DAF-16 (Mihaylova et al., 1999). This suggests
that IGF signaling and reproductive signaling coordinate to regulate the nuclear
translocation of DAF-16 to increase lifespan. Consistent with the effect of reproductive
signaling on lifespan extension, mutants of the g/p-/ notch like ligand, also show increased
lifespan. Moreover, the lifespan was reduced by an additional mutation of daf-16 in the gip-
1 mutants (Korta et al, 2012). Thus, DAF-16 is responsible for mediating lifespan
extension in glp-/ mutants.

TOR, a downstream effector of Insulin/IGF signaling also regulates GSC
proliferation and differentiation. In Drosophila, TOR signaling regulates the G2 phase of
the GSC cell cycle and is required for proper rates of GSC proliferation (Drummond-
Barbosa & Spradling, 2001). Hence, TOR mutants in Drosophila females frequently lose
GSCs from their niche. These TOR mutants exhibit a prolonged G2 phase, a phenotype that
is not rescued by proliferation inducing FOXO mutations. This suggests the existence of a
parallel and independent control of GSC proliferation (LaFever et al., 2010). On the
contrary, removal of TSC1/2, negative regulators of TOR, or hyper-activation of TOR,
causes a dramatic loss of GSCs (LaFever et al., 2010, Sun et al., 2010). This dramatic loss
of GSCs was rescued by the TOR inhibitor rapamycin treatment in Drosophila (Sun et al.,
2010). This study also concluded that TOR signaling is required for GSC differentiation. In
C. elegans LKB1 (Liver Kinase B1) and AMPK, upstream negative regulators of TOR
signaling, play a vital role in arresting GSC proliferation during starvation (Narbonne &
Roy, 2006a). Consistently, loss of downstream effectors of TOR signaling such as S6K or

elF4E decreases proliferation of GSCs more severely than mutants of TOR or Raptor in C.
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elegans (Korta et al., 2012). These findings suggest that Insulin and TOR signaling regulate
the proliferation and differentiation of GSCs, a mechanism that also directly regulates

growth arrest and longevity in iteroparous models.

1.4.6 Atypical nutrient-dependent G2-M cell cycle arrest in GSCs

In mammalian somatic cells, nutrient-dependent signaling affects the cell cycle
machinery that is required for regulating the G1-S and G2-M transitions (Wang & Proud,
2009). In dauer larvae of C. elegans, somatic cells are arrested in G1 phase whereas the
GSCs are arrested in the G2 phase of the cell cycle (Narbonne & Roy, 2006a, Fukuyama et
al., 2006). Similarly in Drosophila GSCs, diet-dependent cell cycle arrest occurs in the G2
phase, and is mediated by activation of FOXOs (Hsu et al., 2008) and Dacapo (Yu et al.,
2009). However the knockdown of cyclin E and CDK2 in GSCs causes cell cycle arrest
during a Gl-like state. This suggests that Cyclin E expression is mainly regulated by niche
signaling but not by Insulin/IGF signaling (Hsu & Drummond-Barbosa, 2009, Hsu &
Drummond-Barbosa, 2011, Hsu et al., 2008). This potentially explains why G2 and not G1
phase is the major point of regulation by nutrient-dependent pathways in Drosophila GSCs.
In C. elegans, RNA depletion of CKI-1, induces hyper-proliferation of GSCs during dauer
formation (Hong et al., 1998). These studies also suggest that GSCs do not arrest during G1
but rather arrest at the G2-M checkpoint in starved larvae or larvae in which Insulin/IGF
signaling is compromised. Additionally, in cu/-2 mutants (component of the SCF-
degradation complex) of C. elegans, CKI-1 protein levels accumulate and cause cell cycle
arrest during the G2-M transition in GSCs (Feng et al., 1999). Suppression of CKI-2
activity, another CKI in C. elegans, via the RNA binding protein FBF-2, is critical for GSC
proliferation (Kalchhauser et al., 2011). Together these data indicate that nutrient-dependent
signaling regulates reversible cell cycle arrest in GSCs at the G2-M checkpoints in C.

elegans and in Drosophila.
1.5 The semelparous urochordate model Oikopleura dioica

To date in vivo understanding of the effect of germline reproductive signaling on

lifespan extension has been derived from iteroparous invertebrate model organisms such as
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Figure 10. Phylogeny of Larvaceans. According to the new chordate phylogeny based on
whole genome sequencing and ribosomal RNA analysis (Delsuc et al, 2008), tunicates
(Urochordates) form the closest sister group of vertebrates. O. dioica belongs to the class
Larvacea of the subphylum urochordata. (Modified from a drawing by Billie Swalla, University
of Washington).

The appendicularian O. dioica is a coastal marine zooplankton with a pan-global
distribution (Gorsky & Fenaux, 1998). Appendicularians are also called larvaceans because
they retain their tail throughout the life cycle. O. dioica has a compact 72 Mb sequenced
genome containing more than 18000 predicted genes and is ranked among the smallest
metazoan genomes (Seo et al., 2001, Denoeud et al., 2010). It has a short life cycle and can
be cultured year-round under laboratory conditions. It has many conserved signaling
pathways allowing extrapolation of findings in this system to other organisms. Additionally,
the occurrence of a semelparous mode of reproduction in O. dioica makes it an excellent

C. elegans and Drosophila and vertebrate Mus musculus. Due to the complexity of germline
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organization in mouse, it is very difficult to decipher in vivo germline regulatory
mechanisms (Ninga et al., 2012). This investigation introduces an emerging semelparous
model organism, Oikopleura dioica, which has a simple reproductive anatomy for studying
nutrient dependency and survival signaling. O. dioica belongs to class appendicularia (or
larvacea) of the subphylum urochordata in the phylum chordata (Figure 10). Urochordata is
phylogenetically the closest sister group of vertebrates (Delsuc ef al., 2008), and thus might
provide evolutionary insight towards understanding the phenomenon of lifespan extension
in vertebrates. model organism for in vivo studies to understand the molecular regulation of
growth arrest and lifespan extension and to compare these mechanisms to those found in

iteroparous model organisms.

1.5.1 Feeding behavior and ecological roles

In marine food webs, they occupy an important trophic position permitting rapid
energy transfer from micro-scale phytoplankton primary producers to macro-scale
zooplanktivorous predators. Among appendicularians, O. dioica is the only dioecious
species. It is found in all major oceans and is an opportunistic species with the ability to
expand its population rapidly in size in response to algal blooms. They are distributed as
patchy populations and attain densities up to 53,000 individuals per m® (Uye & Ichino,
1995). The feeding behavior of O. dioica differs from current model organisms. O. dioica
are effective filter feeders living in cellulose based gelatinous houses (Greek: Oiko means
house) which are secreted by specialized somatic epithelial cells called Oikoplastic cells
(Sagane et al., 2010, Hosp et al., 2012). Oikoplastic cells stop dividing before the onset of
house production, but continue to increase cell size by endocycling (Ganot & Thompson,
2002). These filter-feeding houses are continuously discarded and replaced every 3-4 h. It is
hypothesized that this repetitive process of house making is a mechanism to avoid clogging
and ensure maximum filtration and feeding (Tiselius et al., 2003). Moreover, repetitive
house production allows O. dioica to build a house as per its growth enabling adequate
feeding. The discarded houses contribute to marine snow and vertical carbon flux in the

ecosystem (Robison et al., 2005).
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1.5.2 Life cycle

Conditions and standard densities for Oikopleura dioica culture have been optimized
in the laboratory. O. dioica completes its life cycle within 6 days at 15°C (Figure 11)
(Bouget et al., 2009). Upon fertilization, the first cellular division occurs after 30 min.
Within 4 h the embryo reaches the tailbud stage, the notochord begins to develop and it

resembles a

Onset of meiosis (female)

Feeding
starts™

Hatched Tailbud

Figure 11. Short life cycle of the chordate Oikopleura dioica. The Oikopleura dioica life cycle is
completed in 6 days at 15°C. After fertilization, the embryo starts mitotic divisions within 30 min.
By 3 h post-fertilization, the tailbud is visible. The tadpole hatches at 4 h post-fertilization
concurrent with the main onset of organogenesis, and at this stage, the majority of cells are
proliferating mitotically. During the early tadpole stages (8 h post fertilisation) cells from the
somatic oikoplastic epithelium progressively transit from mitotic proliferation to endocycling.
Approximately 12 h after fertilisation, the embryo undergoes tailshift metamorphosis followed by
opening of the mouth. 12-14 h post-fertilization, pre-house secretion is visible on the oikoplastic
epithelium covering the trunk. This is followed by inflation of the first house and initiation of filter-
feeding. From day 1 to day 5 (D1-D5) the animal grows rapidly through extensive use of
endocycling in somatic tissues. Germline nuclei proliferate until day 3 and the gonad differentiates

34



1. Introduction

from day 4. In early day 6 (D6-upper panel), sexual differentiation is readily apparent with an
immature male (at left) and immature female (at right). At later day 6 (D6-lower panel) mature
males (left) release sperm through the spermiduct located on the anterior dorsal surface of the testes
and mature females (right) release the oocytes through rupture of the ovary (Ganot et al., 2006).
Scale bar in pm. (Adapted and modified from Bouget et al., 2009).

tadpole, which is bent ventrally. At 8 h post fertilization (pf) development of mouth,
digestive track and vacuolation in the notochord occurs. Prior to 12 h pf, the oikoplastic
epithelium in the trunk starts secreting pre-houses. At 12 h pf the mouth opens, the vacuoles
of the notochord fuse and the germline becomes apparent at the trunk-tail junction after
metamorphosis. Under laboratory culture conditions at standard densities, day 1 to day 5
animals grow rapidly through somatic endocycling. During the pre-meiotic stages (up to day
3) the germline expands by mitotic nuclear proliferation. The onset of meiosis in females
and males occurs around late day 3 and later than day 5, respectively. Around day 6, sexual
differentiation is visible with the naked eye and adult O. dioica release their oocytes and

sperm into seawater to complete the life cycle.

1.5.3. Somatic growth occurs through endocycling

Somatic growth of Oikopleura dioica is mainly determined by cell size rather than
cell number by endocycles (Ganot & Thompson, 2002). Intestinal gut epithelial cells are
among the few somatic cell types in adults that retain mitotic proliferation. Prior to tailshift,
a fixed number of mitotic somatic oikoplastic cells (epithelial) asynchronously transit into
endocycling cells. O. dioica rapidly grows about 10-fold in size within one week (Figure
12). In adults, the somatic monolayer of endocycling epithelial cells are bilaterally
symmetrical and have a specific cellular pattern reflected in different fields with ploidy
levels ranging from 34C to 1300C at maturity (Ganot & Thompson, 2002). The potential
relationship between rapid growth, lifespan and regulation of endocycling is intriguing
because the endocycling epithelium itself produces the filter feeding house, which allows
the animals to increase their feeding rates as the life cycle progresses. Thereby the organism

can grow rapidly to complete its life cycle within a short period.
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Figure 12. Rapid growth in Oikopleura dioica via somatic endocycling. A) Oikopleura
dioica grows rapidly through somatic endocycling. Lateral view of a day 4 whole mount of
O. dioica, mouth to the left and gonad at the right. Inset depicts 4h post fertilization
tadpole. B) Dorsal view of the somatic epithelium in day 6 O. dioica, which has been slit
ventrally and spread on a slide, anterior at the top. Nuclei are stained with Hoechst and
colours depict specific cellular fields of the epithelium according to the legends in the
centre of the figures. Scale bars in um. (Adapted from Hosp et al., 2012).

1.5.4. Reproductive anatomy and mode of reproduction

The species name “dioica” is derived from the fact that O. dioica is the only dioecious
species in the genus Oikopleura. It is a semelparous organism with only one reproductive
cycle throughout its lifespan. During embryogenesis, the germline is specified (the details of
which have not been elucidated completely) and forms a transparent gonad at the trunk-tail
junction after metamorphosis. The gonad in O. dioica is a single giant germline cyst. Its size
increases throughout the life cycle. It is surrounded by a single layer of follicle cells
enveloped by a monolayer epithelium (Figure 13). During the early stages of the life cycle,
germline consists of homogenous undifferentiated endo-mitotic nuclei which proliferate in
the syncytium (Ganot et al., 2007a, Ganot et al., 2007b). At mid day 3 of the life cycle in
females, half of the mitotic germline nuclei in the gonad enter meiosis while the other half
enter endocycles. The female germline now becomes heterogenous with respect to nuclear
type: there are equal numbers of smaller meiotic nuclei in prophase-I and asynchronously
endocycling larger nurse nuclei, all present in a common cytoplasm which is described as
coenocyst (Ganot et al., 2007a, Ganot et al., 2007b). The mechanism underlying this

asymmetric division into meiotic and endocycling nuclei is not yet elucidated in O. dioica.
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Following selection of a set of meiotic nuclei for oocyte formation, the surrounding

cytoplasm is transferred into the oocytes through the ring canals (Ganot et al., 2006).
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Figure 13. Organization of the ovary in Oikopleura dioica. The gonad of O. dioica is a
single cell germline surrounded by a monolayer of follicle cells enclosed in a monolayer
epithelium. In pre-meiotic stages (day 1-day 3) thousands of germline nuclei proliferate in the
syncytium, where the nuclei share a common cytoplasm. In the ovary, around mid day 3, the
onset of meiosis occurs and results in two different fates for the nuclei in the common
“coenocyst” cytoplasm: half enter meiosis (MN) while the other half become endocycling nurse
nuclei (NN). An internal F-actin network defines pseudo-compartments (pro-oocytes)
surrounding each meiotic nucleus open to the general cytoplasm through a ring canal (F-actin
green; nucleus blue in upper panel). At day 5, all meiotic nuclei proceed to a t-conformation of
condensed chromatin entering prophase I. In parallel, a subset of pro-oocytes grows rapidly by
transfer of cytoplasm through the ring canals. Only a selected number of meiotic nuclei within
maturing oocytes will complete meiosis. This number is dependent on the availability of
nutrients. At day 6, nuclei external to oocytes (Nurse nuclei and mitotic nuclei) undergo
apoptosis, leaving a gonad filled with metaphase I arrested oocytes. Oocytes are released
synchronously through rupture of the gonad epithelium. Meiotic nuclei are indicated by arrows.
Scale bars in um. Lower panel are schematics of the organisation of the ovary corresponding to
immunofluorescent images in the upper panel (Modified from Ganot et al., 2008).
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This causes an increase in the size of the selected meiotic nuclei and eventually gives rise to
a mature oocyte arrested in metaphase I. The number of oocytes produced depends on the
amount of cytoplasm present within the oocytes, which directly depends on the availability
of nutrients (Troedsson et al., 2002). Thus, O. dioica can adjust its population size based on
algal bloom density. The higher the algal bloom density the higher the fecundity and the
larger the O. dioica population. At day 6, the unselected meiotic nuclei and the nurse nuclei
undergo apoptosis (Ganot et al., 2008). In contrast to female meiosis, meiotic onset and
spermatogenesis in male O. dioica has not yet been the subject of detailed investigation. The
reproductive organization and regulation of GSCs in O. dioica differs from that observed in
iteroparous organisms like C. elegans and Drosophila. In these iteroparous organisms,
polarity in ovary is maintained, and the signal from niche cell regulates GSCs proliferation
and differentiation. However, in semelparous O. dioica , so far there is no evidence of
presence of niche cells in the germline or a polarity based germline organization. The three
somatic polyploid nuclei called “Inner Trinucleate Cells” (ITC) might constitute a signaling
hub for the germline (Ganot et al, 2006). Nonetheless, there is no clear evidence on
regulation of germ stem nuclei governed by ITC in O. dioica. Moreover, O. dioica does not

maintain a pool of GSCs unlike C. elegans and Drosophila, post the single meiotic entry.
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2. Aims of the study

The ageing process is linked to signals from germline, such that the rate of ageing
can be adjusted to reproductive status, promoting co-evolution of these two processes.
Mechanistic insights into this link have been mainly derived from studies in nutrient-
dependent growth arrest of iteroparous model systems such as nematodes and insects.
However, the link between nutrients, ageing and reproductive status has not been studied in
semelparous model organisms. We identify reversible growth arrest (GA) in response to
crowded, nutrient-deprived conditions in Oikopleura dioica, a semelparous model within
the sister group to vertebrates. In this study, we explore GA in O. dioica to understand to
what extent lifespan extension mechanisms might be evolutionary conserved.

The principal focus of our work is to address the link between germline status
(pre/post meiotic) and lifespan extension in O. dioica during nutrient-restricted GA. In
order to understand the link between germline status (pre/post meiotic) and lifespan
extension, we investigate very specific questions. To begin with, we asked whether
nutritional TOR signaling is involved in regulating GA and lifespan? Growth arrest in other
model organisms is associated with activation of stress signaling pathways to increase their
survival. Hence we also investigate whether the essential stress signaling pathways are
activated in O. dioica during GA. Further, the present study also aims at deciphering the
role of TOR signaling and cell cycle regulators in regulating the mitotic and endocycling
cell cycle variants during GA.

Germline stem cells (GSCs) in invertebrate models such as C. elegans and
Drosophila possess a very short or absent G1-phase, and the role of Cyclin D in regulating
their GSC cell cycle is unclear. However, vertebrate spermatogonial stem cells have a
distinct G1 phase and Cyclin D1, a G1 specific Cyclin, plays an important role in GSC
renewal. Nonetheless, the activity of Cyclin Dependent kinase Inhibitor (CKI), negative
regulator of the cell cycle, is suppressed during GSC proliferation. Increase in CKI activity
causes cell cycle arrest in GSCs of these vertebrate and invertebrate models upon
environmental stress. Semelparous O. dioica occupies a key phylogenetic position near the
invertebrate-vertebrate transition; hence we asked whether there exists a G1-like phase in

the GSC cell cycle of O. dioica. Moreover, previous reports of transcript profile analysis in
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the gonads, revealed that the G1 cyclins were expressed during gametogenesis. In this
study, we attempt to elucidate the possible role of the D-type cyclin, in regulating the GSC
proliferation in O. dioica. Further, we also examine whether the D-type cyclin splice
variants regulate the CKI activity during GSC proliferation under standard as well as

nutrient-deprived conditions in O. dioica.
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4. Summary of results

4.1 Lifespan extension in a semelparous chordate Qikopleura dioica occurs via
developmental growth arrest just prior to meiotic entry (Paper 1)

Under standard laboratory culture densities Oikopleura dioica grows rapidly and
completes its life cycle within 6 days at 15°C (Bouget et al., 2009). At higher culture
densities, O. dioica undergoes growth arrest (GA) retaining the morphology of day 3 pre-
meiotic animals without further growth. Under these high culture densities, GA in O. dioica
increases its lifespan more than 3-fold. During GA, somatic endocycling cells arrest from
day 3 onwards. Mitotic germline nuclei and somatic intestinal mitotic cells do not arrest
immediately but gradually slow down, attaining full arrest at day 12 in dense cultures. We
also observed that upon release of GA O. dioica into standard density, cell cycles re-
initiated first in the mitotic germline and intestinal cells but later in somatic endocycling
cells. Additionally, we demonstrated that increased food under dense conditions reduced
GA and increased sexual maturation in a dose-dependent manner. Nutrient-sensitive TOR
signaling activity was reduced in GA animals. The differential response of somatic
endocycles and mitotic cycles during GA, was also observed under the rapamycin analogue
CCI-779, mediated TOR signaling inhibition or in the absence of food. These findings
indicate that density-dependent GA in O. dioica involves inhibition of nutrient-mediated
TOR signaling and that this signaling differentially impacts cell cycle progression in
endocycles versus mitotic cycles, as seen in Drosophila and C. elegans (Britton & Edgar,
1998, Jia et al., 2004, Long et al., 2002). The germline nuclei in GA animals and TOR-
inhibited animals did not enter meiosis, when the pre-meiotic stages of O. dioica were
exposed to dense culture conditions or TOR inhibition. However, exposure to high-density
or TOR inhibition during post-meiotic stages did not induce GA and gametes were
produced. This observation indicates that inhibition of TOR signaling prevents germline

differentiation, entry into meiosis and gamete production under nutrient-limited conditions
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experienced prior to meiotic entry. When GA animals were diluted to standard culture
densities, they rapidly resumed normal cell cycle progression, and completed their life
cycle with no effects on fecundity or F; hatching success. On the other hand, animals
introduced to dense, nutrient-limited conditions after meiotic entry, matured and spawned
as usual at day 6 but exhibited significantly reduced fecundity. Similar rates of hatching
success were observed in this F1 progeny, as compared to animals maintained under
standard culture densities throughout the life cycle.

Survival MAPK pathways ERK1/2 and p38 and their downstream effector MSK1
were activated in the germline during GA. Inhibition of these MAPK pathways reduced the
survival of animals during GA under dense conditions. Pharmacological inhibition of TOR
signaling activated p38 and MSK1 but not ERK. Additionally, phospho-ERK1/2 appeared
as foci in nuclei of the mitotic germline under dense conditions whereas phospho-p38
appeared as foci in the germline cytoplasm under both dense conditions or during
pharmacological inhibition of TOR. Thus, upon inhibition of TOR signaling alone,
activation of p38 but not ERK1/2 was critical to survival.

TOR signaling initiates cell cycle progression in mitotic and endocycling cells by
regulating G1-S cell cycle regulators, hence we examined the effect of perturbation of TOR
signaling on G1-S regulators. In O. dioica, inhibition of TOR signaling led to the rapid
arrest of somatic endocycles by acting on G1 regulators Cyclin D, E2F and CKI. O. dioica
expresses multiple D-type cyclins (Da, Db, Dc and Dd), three Cyclin dependent kinase
inhibitors (CKlIa, CKIb, CKlc), and a single activator E2F1 (typical E2F) and repressor
E2F7 (atypical). One of the D-type cyclins, Cyclin Dd exhibited maximal levels in G1
phase with residual Cyclin Dd observed in early S phase in both somatic endocycling cells
(Campsteijn ef al., 2012) and mitotic germ stem nuclei, suggesting that Cyclin Dd is a
major D-type G1 cyclin in both tissues. Levels of another G1 regulator, E2F1, also rose in
G phase and dropped in S phase of the mitotic germline. However, E2F1 appeared to be
expressed constitutively during both G and S phase in somatic endocycling cells of O.
dioica. This suggests that oscillation of levels of E2F1 is important in regulating cell cycle
progression in mitotic germline nuclei but less so in somatic endocycling cells in O. dioica.

TOR signaling regulates the translation of cyclin Dd and E2F1 mRNAs in somatic
endocycling cells. Thus, inhibition of TOR signaling during GA, down-regulates Cyclin Dd
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and E2F1 levels, resulting in concomitant arrest of somatic endocycles. Similarly, mRNA
levels of negative regulators of the G1-S transition, CK/a and E2F7, increased significantly
during GA or inhibition of TOR signaling. CKla showed enhanced nuclear localization
during endocycle arrest in somatic cells. Similarly, very prominent accumulation of E2F7
was observed in the nucleolus of arrested somatic endocycling cells during GA when TOR

signaling activity was reduced.

4.2 Co-expressed Cyclin D variants regulate proliferation of germ stem nuclei in
a syncytium (Paper II)

In the pre-meiotic stage of Oikopleura dioica, mitotic germ nuclei proliferate
asynchronously in a syncytium as seen in C. elegans. Unlike GSCs in C. elegans and
Drosophila, O. dioica GSCs have a distinct G1 phase. Strikingly, C. elegans and
Drosophila have only one D-type cyclin (Park & Krause, 1999, Datar et al., 2000) and O.
dioica has multiple D-type cyclins which might be differentially involved in regulating
variant cell cycles in different tissues (Campsteijn et al., 2012). Comparative analyses of
human and O. dioica Cyclin D domain structure and organization were performed

(SMART- http://smart.embl-heidelberg.de and ELM-http://elm.eu.org). This revealed that

unlike human Cyclin D, O. dioica D-type cyclins contain only the N terminal cyclin box
and do not retain the C-terminal cyclin box. Interaction motif prediction revealed that
Cyclin Dd considerably differs from other Cyclin D splice variants. It has two
Retinoblastoma class (Rb) binding motifs (LXCXE) and one putative phosphodegron motif
(present in a few splice variants). GSK-3p phosphorylates Cyclin Dd at the phosphodegron
motif, following which Cyclin Dd is exported to the cytoplasm by Chromosomal
maintenance 1 or Exportin 1(CRM) for degradation (Alt et al., 2000). Cyclin Dd also
contains three predicted Nuclear Localization Sequences (NLS) as well as one nuclear
export CRM binding motif. These features are consistent with a possible nuclear role in
regulating the cell cycle in different tissues. Another D-type cyclin, Cyclin Db, produces
four splice variants-Cyclin Dba, Db, Dby and Dbd (Campsteijn et al., 2012). Cyclin Dby
is a full length splice variant. Alternative splicing removes either two exons containing the
N-terminal retinoblastoma binding motif (Cyclin Dba and B) or C-terminal putative

phosphodegron motif (Cyclin DbB and 6), producing three other splice variants, all of
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which retain the cyclin motif. Lack of the exon expressing the putative phosphodegron
motif at the C terminus produces the short Cyclin Db and & splice variants, each having an
altered unique sequence of 34 amino acids at the C-terminus. Surprisingly, even though
Cyclin Dbd and B have a distinct C terminal sequence, they still retain the C terminal
CRM1 cytoplasmic export consensus sequence. However, all Cyclin Db splice variants
lack a predicted NLS.

Cyclin Dd levels oscillate and peak in G1-phase before declining in early S-phase in
mitotic germline nuclei. This suggests that Cyclin Dd might regulate the G1-S transition in
germ nuclei cell cycle in O. dioica. Cyclin Dd, typically present in the nucleus, was
gradually reduced in arrested germline nuclei and endocycling cells in nutrient-restricted
GA animals causing cell cycle arrest. In contrast, Cyclin DbB/d was typically present as
cytoplasmic foci and localized adjacent to nuclei during GA and standard culture
conditions. We observed that these Cyclin DbB/d foci were not found adjacent to nuclei in
G1 or M phase, but were found mainly adjacent to nuclei in S phase. Thus there exists a
negative correlation between the occurrence of Cyclin Db/ cytoplasmic foci and G1- or
M-phase germline nuclei. We also observed that a high number of early S-phase nuclei
have cytoplasmic Cyclin DbB/d foci adjacent to them when compared to late or mid S
phase nuclei. Thus, these specifically localized Cyclin Db/ cytoplasmic foci might play a
role in G1-S transition of germline nuclear proliferation in O. dioica. Unlike Cyclin Dd,
cyclin Db transcript and protein levels were up-regulated during GA and under TOR
inhibition whereas the Cyclin Dbp were down regulated during MAPK p38 inhibition.
Similar to Cyclin Db/6, CKla also appeared as cytoplasmic foci in germline cytoplasm in
both standard and GA culture conditions of O. dioica. Cyclin Db foci colocalized with
CKlIa in the germline cytoplasm. An increase in the number of CKla-Cyclin Dbp foci in the
germline cytoplasm suggests that the up-regulated Cyclin Db sequesters up-regulated
CKla in germline cytoplasm, thus permitting cell cycle progression under GA. During
GA/TOR inhibition, it can be hypothesized that activated MAPK p38 signaling increases
the levels of Cyclin Dbp in the germline of animals during GA or when TOR signaling is
inhibited. This would promote sequestration of CKla and potentially explain the delayed

cell cycle arrest observed in the germline as compared to somatic cells.
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To summarize the key findings in this study, nutrient-limited, high-density cultures
or direct TOR inhibition caused nutrient-dependent growth arrest (GA) during pre-meiotic
stages in O. dioica. This GA promoted lifespan extension in pre-meiotic stages but not in
post-meiotic stages. TOR signaling was shown to be instrumental in mediating GA as
confirmed by rapamycin-mediated TOR inhibition that mimicked the GA phenotype.
During GA, endocycling cells arrested immediately (day 3) in response to nutrient
limitation/high-density or TOR inhibition whereas germline nuclei exhibited a delayed and
more gradual arrest. In endocycling cells, during GA/TOR inhibition, there was reduced
TOR activity resulting in reduced Cyclin Dd and E2F1 levels, concurrent with increased
CKla and E2F7 expression, thus causing cell cycle arrest. Despite having low Cyclin Dd
levels during GA/TOR inhibition, germ stem nuclei continued to proliferate, due to p38
mediated up-regulation of Cyclin Db cytoplasmic foci which sequestered up-regulated
CKla during GA. Eventually the cell cycle did arrest in germline nuclei probably due to the

persistent down-regulation of Cyclin Dd.
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5. General discussion

Nutrients acquired by organisms are shared between major metabolic processes such
as somatic growth, repair and reproduction. Hence it becomes difficult to study the effect
of nutrients on lifespan extension (Kasumovic & Andrade, 2006). Moreover, the
availability of nutrients affects reproductive trade-offs between somatic growth and
reproduction (Hunt et al., 2004, De Loof, 2011). Generally, nutrient limitation or DR
prolongs adult lifespan in a wide range of taxa (Fontana et al., 2010). Prolonged lifespan
under DR is associated with transient reduction in reproductive performance, possibly
allowing adaptive maximization of future reproduction in organisms when food availability
is periodic (Partridge et al., 2005). Evolution of fitness and lifespan depends on how often
organisms reproduce (semelparous or iteroparous) in their life cycle (Ranta et al., 2000). In
iteroparous organisms, the effects of diet and reproductive effort on lifespan are difficult to
delineate for several reasons. Diet-restricted animals may increase their food intake
depending upon the nutritional demands of reproduction (Maklakov et al., 2008).
Organisms can shift their nutrient allocation patterns based upon the environmental context
(Kasumovic & Andrade, 2006). Additionally, differences in the timing and magnitude of
reproductive effort vary in a non-linear fashion between animals on different diets, making
it difficult to determine if effects on reproduction are solely due to diet (Hunt ez al., 2004).
As a result, examination of diet-mediated effects on lifespan and mechanisms regulating
lifespan, may be most easily examined in semelparous animals that reproduce only once in
a lifetime (Stearns, 1992). For such animals, simpler predictions about optimal life history
and allocation patterns are possible, wherein fitness is determined in a single reproductive

episode (Kasumovic et al., 2009)

Iteroparous model organisms such as mouse, Drosophila and C. elegans have been
primarily used for research on developmental growth arrest (GA), ageing and lifespan
extension. These model organisms have been extensively investigated to identify the
association between GA, lifespan extension and the reproductive state in organisms.

However, this study uses a semelparous chordate O. dioica as a model organism to
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investigate the link between lifespan and the reproductive state in organisms. Besides
having a different mode of reproduction, O. dioica also differs from these iteroparous
model organisms in the organization of ovary and the mechanism of GSC regulation. The
routine iteroparous model organisms display a polarity in organization of the ovary and
have a niche cell which regulates the GSC proliferation. Unlike these model organisms, O.
dioica does not show polarity in the organization of the ovary and does not have a niche
cell to regulate GSC proliferation. Moreover, post-meiotic entry, O. dioica does not
maintain a population of GSCs in proximity to the ITC or elsewhere in the ovary (Ganot et
al., 2007b, Ganot et al., 2007a), in contrast to the iteroparous model organisms. We
examined to what extent semelparity and germline organization in O. dioica affects the
known signaling pathways involved in regulating GA, lifespan and the reproductive state

under nutrient-restricted conditions.

5.1 O. dioica germline nuclei proliferate asynchronously in a syncytium

During the first half of the life cycle, the Oikopleura dioica germline continuously
proliferates mitotically in a common cytoplasm (syncytium). During the pre-meiotic stage
in O. dioica life cycle, the males and females cannot be morphologically distinguished. At
the mid-life cycle (day 3), all the germline nuclei in the ovary enter meiosis. No reserve
GSC pool is maintained in the coenocystic ovary. Due to the presence of a state of
syncytial proliferation and absence of differentiated nuclei, the pre-meiotic stages of O.
dioica serves as a simple model for studying the effect of environmental factors on GSC
proliferation. In the pre-meiotic stage, the germline nuclei are present in a common
cytoplasm. Ideally, the presence of a common cytoplasm during the pre-meiotic stage
should allow an even distribution of cell cycle regulators, which would eventually result in
synchronization of the cell cycle in the germline nuclei. However, in the current study, we
have reported that despite being in a common cytoplasm, the germline nuclei proliferate
asynchronously. The asynchronous proliferation of germline nuclei in the syncytium can be
explained by several probable mechanisms that might be operating in the germline nuclei.
In eukaryotes, active Cyclin-CDK complexes induce mitotic cell cycle progression (Nurse,
1994). Failure of diffusion of active Cyclin-CDK complexes between adjacent germline

nuclei might create a discrete unique cytoplasmic zone around each nucleus, which
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regulates cell cycle progression in the individual nuclei. Prevalence of nuclear autonomy
wherein each nucleus enters the cell cycle independent of other nuclei, could also possibly
explain the asynchronous nature of germ stem nuclei proliferation. RNA binding factors
such as GLD-1, FBF1, FBF2 have been shown to regulate proliferation and differentiation
of GSCs in syncytium of C. elegans. However, no such RNA binding factor has been
reported in germline O. dioica. It remains to be elucidated if novel RNA binding factor-like
proteins might function to regulate germline nuclei proliferation and differentiation in O.
dioica. Alternatively, it is quite possible that mRNA from periodically transcribed genes
gets translated in a local cytoplasm and is redirected back to the transcriptional mother
nucleus, imparting cell cycle phase specific identity. Another possible mechanism
imparting asynchrony to germline nuclei proliferation would be translation of the cell cycle
proteins within individual nuclei. This would prevent post translational diffusion of
translated protein into the common cytoplasm (Iborra et al., 2001). Finally, the nuclear
pore complex itself could be remodelled in a cell cycle dependent manner such that only
certain proteins are allowed to enter nuclei in a particular cell cycle phase (Makhnevych et
al., 2003, De Souza et al., 2004). However, it remains unclear as to what benefit the
organism derives from an asynchronous proliferation in syncytial germline nuclei. It can be
envisaged that this may prevent sudden doubling of the nucleo-cytoplasmic ratio. Further, a
common cytoplasm facilitates diffusion of differentiation factors in the entire gonad in this
semelparous chordate and also helps in movement of RNA and proteins to

oocytes/gametes, where they can be packaged as maternal products (Ganot et al., 2007a).

5.2 A distinct G1 phase in O. dioica germline nuclei

In invertebrate model organisms like C. elegans and Drosophila, self-renewal of
GSCs is characterized by a cell cycle which lacks a significant G1-like phase (Hsu et al.,
2008, Fox et al., 2011), with no obvious role of the G1 regulators Cyclin D and CDK4/6. It
has been proposed that a reduced G1 phase may limit sensitivity to differentiation signaling
(Lange & Calegari, 2010, Singh & Dalton, 2009, Orford & Scadden, 2008). On the
contrary, prolonging G1 phase in embryonic stem cells did not promote differentiation (Li
et al., 2012). We have reported here that invertebrate, chordate O. dioica germ stem nuclei

exhibit a significant Gl-like phase. This is similar to mouse spermatogonial stem cells,
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which have a distinct G1 phase with D-type cyclins playing a role in self-renewal (Beumer
et al., 2000), hinting at an evolutionary impact on G phase and Cyclin D regulation in GSC
cell cycle. We have also observed the expression of another G1 regulator, E2F1, restricted
to G1 phase of germline nuclei of O. dioica. A greater number of G2 phase nuclei were
observed compared to G1 phase nuclei suggesting that the length of G1 phase is shorter
than G2 phase. Taken together, these findings suggest that unlike GSCs in C. elegans and
Drosophila, there is a distinct G1-like phase present in cell cycle of germ nuclei in O.
dioica.

D-type cyclins are major regulators of the G1 phase. They generally accumulate in
the nucleus during G1 phase and disappear from the nuclei of cells undergoing DNA
synthesis. Earlier reports have shown that O. dioica has CDK6 (does not have CDK4) and
several D-type cyclin paralogs: Cyclin Da, Db, Dc and Dd (Campsteijn et al., 2012).
Additionally, alternative splicing of Cyclin Db produces four different isoforms (a, B, y and
d). Previously, we have reported that Cyclin Dd acts as a major D-type cyclin with
expression levels reaching a peak in G1, however its expression is not restricted to G1
alone and residual expression is observed in early S phase (Campsteijn et al., 2012).
Similar Cyclin Dd expression was also observed in mitotic germline nuclei suggesting that
Cyclin Dd acts as a major D-type cyclin, regulating the G1-S transition in both somatic
endocycling cells and germline nuclei. It is possible that Cyclin D expression/degradation
in O. dioica is regulated by mechanisms distinct from the Cyclin D expression/degradation
mechanisms identified in organisms expressing Cyclin D exclusively in the G1 phase
(Baldin et al., 1993).

The Cyclin Db splice variants B and §, which have a unique C terminus, occur as
cytoplasmic foci preferentially adjacent to early S phase (residual expression of Cyclin Dd
present) nuclei. This suggests that possibly co-expression of Cyclin Dd and Cyclin Db/d
cooperate in regulating the G1-S transition proliferation of germline nuclei in a syncytium.
It has been reported that the improper or partial folding of the unique amino acid sequence
in the C terminus of human and mouse Cyclin D2 splice variant, Cyclin D2SV is
responsible for cytoplasmic micro aggregation of the protein (Denicourt et al., 2008, Wafa
et al., 2013). Thus, perhaps the existence of Cyclin DbB/d as cytoplasmic foci might be

due to the partial folding of the unique amino acid sequence in the C-terminus and the
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absence of a predicted NLS. Although, these cytoplasmic Cyclin Db foci lack Rb binding
motifs, they might have Rb independent regulatory functions such as sequestration of cell
cycle regulators.

Structural and functional comparison of mammalian Cyclin D splice variants with
0. dioica Cyclin Dbp provided additional insight on the role of Cyclin Db in regulating
the cell cycle in O. dioica. In mammals, the Cyclin D1 (D1b) and Cyclin D2 (D2SV) splice
variants lack the phosphodegron and CRM1 motifs but have a unique C-terminus (Solomon
et al., 2003, Sun et al, 2009). The human splice variant Cyclin D1b is constitutively
expressed throughout the cell cycle of cancer cells (Solomon et al.,, 2003) whereas the
mouse splice variant D2SV is present as cytoplasmic foci restricted to G1 phase (Sun et al.,
2009). O. dioica Cyclin Db splice variants  and 6 lack the predicted phosphodegron but
retain the CRM1 (nuclear exportinl) motif in their unique C-terminus end. Additionally,
the absence of the Rb binding motif in Cyclin Db suggests a Rb-independent role and that
it might act as a dominant negative in regulating cell cycle progression. Previously we have
shown that the cyclin Db is expressed in reproductive tissues and that its expression peaked
prior to meiotic entry in females, falling thereafter (Campsteijn et al., 2012). These
findings support the hypothesis that Cyclin Dbp/6 might be involved in mitotic germline

proliferation in a syncytium.

5.3 Nutrient limitation causes growth arrest immediately prior to meiotic entry
in O. dioica

The phenomena of developmental arrest and prolongation of lifespan have been
studied in detail in some invertebrates, however it has not been investigated in vertebrate
model systems. Developmental stage specific GA and lifespan extension has been reported
in C. elegans and Drosophila. In C. elegans, nutrient limitation in pre-meiotic stages
produces L1 and L2 dauer arrest (Lee I 2012, Randall C. Cassada, 1975). Similar to the
dauer larvae, Drosophila enter diapause during the larval stage (Tatar et al., 2001). Our
pioneer study demonstrates that O. dioica, a sister chordate to vertebrates, undergoes
reversible GA and increases its lifespan in response to nutrient-limited, high-density
cultures. O. dioica cannot survive under complete starvation but can survive with minimum

nutrition in high-density cultures. High nutrient availability increases fecundity but they
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cannot survive with too much food since it clogs houses (Troedsson et al., 2002). In this
study we demonstrated that O. dioica adopts two alternative mechanisms to survive under
nutrient-deprived conditions. This depends on the developmental stage (pre or post-
meiotic) during which it is exposed to adverse environmental conditions. High-density
cultures of O. dioica up to day 3 induce GA and prolong lifespan up to 3- fold. Occurrence
of this GA coincides with meiotic onset in females (late day 3) suggesting that GA occurs
just prior to meiotic entry. These findings cannot be extended to males since meiotic onset
in males occurs at a later stage than in females. We have not yet investigated which precise
stage of germline progression this day 3 arrest corresponds to in males. GA animals
produce normal viable progeny when returned to favorable conditions. However, if O.
dioica are exposed to high density, nutrient-limited cultures during the post-meiotic stage,
they do not undergo GA but instead produce a smaller number of oocytes. This finding also
suggests that the number of nuclei selected as well as the volume of cytoplasm in the
coenocystic ovary, decreased under nutrient limitation, leading to reduced number of
oocytes during oogenesis (Figure 14). Such animals complete their life cycle in the normal
time frame. The strategy of producing a small number of progeny serves as a means to
generate a lower population density in the next generation. Nutrient limitation during adult
post-meiotic stages in iteroparous invertebrates like C. elegans and Drosophila results in
reproductive arrest but these organisms maintain a germ stem pool until the onset of
favorable conditions (Angelo & Van Gilst, 2009, Drummond-Barbosa, 2001). Conversely,
the post-meiotic high-density cultures of O. dioica retain the differentiated gonad but do
not maintain any distinct GSC pool suggesting the existence of a distinct adaptive

mechanism in semelparous model organisms.

5.4 Reduced TOR signaling causes growth arrest by blocking the meiotic entry
in O. dioica

TOR signaling acts as a sensor of nutritional and Insulin cues, thus playing a central
role in regulating growth, reproduction and lifespan in various organisms. We
demonstrated that TOR signaling was reduced in GA animals emphasizing its role in
regulating growth and lifespan in O. dioica. Our findings are in concert with those in other

organisms where reduced TOR signaling has been associated with GA and increased
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lifespan. Inactivation of CeTOR or TOR signaling component daf-15 (raptor) induces larval
arrest and increases lifespan in C. elegans (Jia et al., 2004, Long X, 2002). Similarly in
Drosophila, TOR homozygous mutants (strong TOR mutant) produce arrested larvae
(Zhang H, 2000) and TOR mutants (weak TOR mutant) in females frequently lose their
GSCs (Oldham et al., 2000). Several genetic studies revealed that meiotic onset of GSC is
regulated by TOR signaling (Fukuyama M et al., 2012, Sun et al., 2010), but it has never
been reported that direct inhibition of TOR by rapamycin affects GSC differentiation. This
study benefits from the simple reproductive anatomy and single episode of meiotic onset in
semelparous O. dioica to understand the role of germline differentiation and longevity
under direct pharmacological inhibition of TOR signaling.

We have identified the TOR ortholog in O. dioica (Figure Al) and shown that
rapamycin-mediated TOR inhibition prevented meiotic onset and asymmetric germline
differentiation. In C. elegans, the response to starvation and energy stress involves the
activation of AMP Kinase (AMPK). AMPK activates TSC1/2, which represses TOR
signaling and maintains GSC quiescence and survival during L1 arrest (Fukuyama M et al.,
2012). TSC1/2 also prevents germ cell differentiation by repressing TOR signaling in
Drosophila (Sun et al., 2010). Under nutrient-limited conditions, O. dioica might activate
low energy dependent AMPK leading to TSC1/2 like protein mediated TOR inhibition to
suppress germline cell cycle and differentiation or shut down the translation of meiotic
onset specific genes as proposed in Saccharomyces (Zheng & Schreiber, 1997) and C.
elegans (Jia et al., 2004). Thus, our findings implicate nutrition and nutrition-dependent
TOR signaling as a key determinant of growth, germ stem nuclei differentiation and
lifespan in O. dioica. However, it is unclear whether TOR signaling acts directly or
mediates its action through Insulin/IGF-like signaling. The possible roles of Insulin

signaling in regulating O. dioica lifespan should be investigated.

5.5 TOR signaling differentially regulates endocycling and mitotic tissues
during growth arrest in O. dioica

Nutrients differentially regulate endocycling and mitotic cells in Drosophila (Britton
& Edgar, 1998). Loss of TOR function reduces cytoplasmic volume in endocycling tissues

whereas mitotic cells grow normally in Drosophila and C. elegans (Oldham, 2000, Long
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X, 2002, Jia et al., 2004). These studies demonstrated that, starvation or inhibition of TOR
signaling, arrests the endocycling cells immediately but does not arrest the mitotic cells
immediately. However, which cell types re-enter the cell cycle in response to re-
feeding/TOR activation was not elucidated in these model organisms. The body plan of
post-metamorphic O. dioica is made up of endocycling (somatic epithelial) and mitotic
(germline and somatic intestinal) cell types. The simple anatomy of this chordate helps in
studying the nutrient-dependent, differential regulation of endocycling and mitotic cell
cycles. We showed that TOR localized to the cytoplasm of both somatic endocycling cells
and mitotic germline (Figure A2) but nutrient limitation or direct inhibition of TOR
signaling in O. dioica instantly shuts down somatic endocycling but not the mitotic cell
cycle (germ nuclei and intestinal cells). The latter gradually slowed down and ceased to
cycle over time. Upon release of GA animals into standard density, cell cycling was
restored in mitotic tissues within 4 h but resumed after 5 h in endocycling cells. We
hypothesize that energy stress and AMPK activation might gradually reduce TOR activity
and cause a gradual arrest of germline proliferation during GA in O. dioica. Thus there
exists a differential regulation of endocycles and mitotic cycles under nutrient-limiting
conditions, probably to ensure selective allocation of nutritional resources towards
reproduction as opposed to investing it on growth. Mitotic cells might also adopt a different
homeostasis mechanism as a means to preclude stress related to nutrient deficiency, in
order that the animal survives and reproduces (McLeod et al., 2010). G1 phases of mitotic
and endocycling cells are differentially regulated by TOR signaling but the exact
mechanism remains poorly understood. In this study, we have gained insight into molecular
mechanisms underlying the differential regulation of mitotic and endocycling cells by TOR

signaling.

5.5.1 Cyclin Dd and CKIa mediate the effects of TOR signaling in endocycling and
mitotic cells

Nutrient-dependent TOR signaling differentially regulates the endocycling and
mitotic cells. These cell cycles utilize similar G1-S transition machinery, which includes
Cyclin D, CKI and E2Fs. In mammals, TOR signaling positively regulates TOP-dependent
cyclin D translation (Coqueret, 2002). Similarly, nutrient-dependent Insulin/IGF-like
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signaling also positively regulates Cyclin D stability. Absence of IGF signaling, activates
GSK-3B, causing Cyclin D degradation in mammals (Takahashi-Yanaga & Sasaguri, 2008).
In C. elegans and Drosophila, starvation or ablation of Insulin/IGF signaling arrests somatic
cells in G1 phase whereas the GSCs are arrested in G2 phase. In these invertebrate models,
G1 is nearly absent and Cyclin E is expressed throughout the cell cycle, plays an important role in
GSC renewal (Hsu et al., 2008, Fox et al., 2011). However, the role of Cyclin D-CDK4
complexes regulating GSCs proliferation is unclear (Narbonne & Roy, 2006b, Hsu et al.,
2008). Moreover, TOR signaling promotes S phase entry in Drosophila and mutants of
cyclin E exhibit cell cycle arrest in G1 of Drosophila GSCs. These findings imply that TOR
may regulate the G1-S transition by controlling cyclin E translation in GSCs of these
invertebrates (Hsu et al.,, 2008, Hsu & Drummond-Barbosa, 2009). Likewise, nutrient-
dependent TOR signaling positively regulates translation of the Cyclin E promotes
endocycling in Drosophila (Britton & Edgar, 1998). Cyclin D is also expressed during the
endocycle of Drosophila, but functions primarily in promoting growth and does not seem to
have a direct role in promoting cell cycle progression (Datar et al., 2000). In contrast with
Drosophila, Cyclin Dd acts as a major D-type cyclin regulating the G1-S transition of both
endocycling and mitotic cells in O. dioica (Campsteijn et al., 2012). In this study, we
demonstrated that TOR signaling promotes the G1-S transition by regulating the translation
of cyclin Dd mRNA in O. dioica (Figure 13 and Figurel4). The transcript levels of cyclin
Dd were unaffected in GA animals where TOR signaling was reduced, though Cyclin Dd
protein levels were lower in GA O. dioica. Under TOR inhibition Cyclin Dd levels were
reduced immediately in arrested endocycling cells but persisted in the proliferating germline
nuclei. During GA, Cyclin Dd levels were gradually reduced in germline nuclei that
eventually arrested in G1 phase of their cell cycle. In C. elegans, low energy levels, under
nutrient-deprived growth conditions, activate TOR negative regulators AMPK and LKBI1,
reducing GSC division rates (Narbonne & Roy, 2006a). Thus, somatic endocycle
progression is regulated by TOR signaling via cyclin Dd translation. In mitotic germ nuclei,
cell cycle progression is possibly regulated by the expression of Cyclin Dd. It is possible
that during GA, the cyclin Dd translation is gradually decreased due to the reduction of TOR

activity and diminishing energy levels.
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Figure 14. Nutrient-dependent differential regulation of cell cycle variants in O dioica.
Somatic endocycling cells: In somatic endocycling cells, the transcription and translation of
cyclin Dd occurs and regulates the G phase. However, Cyclin Db and CKla proteins are not
detected under standard culture conditions. Under GA, translation of cyclin Dd is reduced with
no change in the transcription of cyclin Dd mRNA. Both mRNA and protein levels of CKla
increase in endocycling cells during GA and the protein is concentrated in the nucleus. Syncytial
germline: Cyclin Db and CKla proteins are detected in the mitotic germline. Both the proteins
co-localize in the cytoplasm adjacent to early S phase nuclei to promote G1-S transition. During
GA, cyclin Dd mRNA translation is not affected immediately but the Cyclin Dd protein level
reduces gradually. CKla and cyclin Db transcription is up-regulated. Cyclin Db and CKla
cytoplasmic foci increase in number during GA. Coenocystic germline: Under standard and
dense culture conditions, Cyclin Dd protein is present in the G phase whereas the Cyclin Db
and CKla proteins are not detected in the endocycling nurse nuclei. Under dense culture
conditions at post-meiotic stages, the cytoplasmic volume of the coenocystic germline as well as
the number of selected meiotic nuclei is reduced.
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5. General discussion

Another major class of G1 regulators, Cip/Kip family Cyclin dependent Kinase
Inhibitors, (CKIs) is negatively regulated by nutrient-dependent TOR signaling. CKI has
been reported to inhibit G1-S transition and cause cell cycle arrest. CKI causes GO cell
cycle arrest under TOR inhibition or starvation by inhibiting Cyclin E-CDK2, Cyclin D-
CDK4/6 complexes or PCNA (Proliferating cell nuclear antigen) in the nucleus. In the O.
dioica genome, we identified three different CKIs from the Cip/Kip family , CKla, CKIb
and CKlc (Figure A3), but did not find any CKI from the INK family. The role of CKla in
endocycles and the mitotic germline in O. dioica, under nutrient-deprived conditions has
been characterized in this study. We also demonstrated that during TOR inhibition, both
the transcript and protein levels of CKla were increased. Moreover, CKla localized to the
nucleus of somatic endocycling cells under rapamycin mediated inhibition of TOR as well
as in GA in O. dioica (Figure 14). In O. dioica, CKla expression was undetectable in
somatic endocycling cells under standard culture conditions. In Drosophila, CKI Dacapo is
dispensable for endoreplication in salivary glands and ovarian follicles, but is expressed in
an oscillatory manner in endocycling ovarian nurse cells (Edgar et al., 2014). Taken
together, under nutrient limitation or TOR inhibition CKla is expressed in a non-oscillatory
manner in somatic endocycling cells and causes arrest in these cells of O. dioica (Figure
15). Probably the increased nuclear localization of CKla causes cell cycle arrest in somatic
endocycling cells by inhibiting the activity of Cyclin-CDK complexes and PCNA under
GA or TOR inhibition.

In the mitotic germline, CKla occurs as cytoplasmic foci located preferentially
adjacent to early S phase nuclei. The CKla foci were not observed in the nuclei and the
number of cytoplasmic CKla foci increased under nutrient-deprived GA. Generally, CKI
activity is suppressed either at the level of transcription or by modulating the stability of
the protein for promoting self-renewal of GSCs in other model organisms (Hong et al.,
1998, Kalchhauser et al., 2011, Beumer et al., 1999, Beumer et al., 1997). Moreover an
increase in CKI activity causes cell cycle arrest in GSCs under starvation in C. elegans and
Drosophila (Narbonne & Roy 2006b). Additionally, TOR signaling negatively controls the
stability of p27, a CKI, in mammalian cells (Leung-Pineda et al., 2004, Hong et al., 1998).
Taken together these findings suggest that CKla is possibly rendered inactive by

cytoplasmic sequestration in the germline under nutrient-deprived conditions. As a result,
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the G1-S transition is not blocked by CKla and the proliferation of germline nuclei
continues in the germline. We need to further elucidate the possible mechanisms and roles
of CKla and other CKIs in regulating proliferation of somatic endocycling and germline
nuclei in O. dioica. DAF-16, a FOXO transcription factor promotes the transcription of
CKI-1 which induces cell cycle arrest in L1 arrested C. elegans (Baugh & Sternberg,
2006). FOXOs also regulate the transcription of p27 in mammalian cells (Dijkers ef al.,
2000). Consistent with these findings, our study showed that the FOXO ortholog of DAF-
16, was up-regulated during GA in O. dioica (Figure A4). The presence of FOXO binding
consensus sequences in the CKla promoter, suggests that the up-regulation of CKla
transcripts might be mediated by activation of FOXO during nutrient-deprivation.

There is evolutionary diversity in the interaction and localization of Cyclin D-
CDK4/6-(CKI) complexes. The Cyclin D and CDK4/6 proteins do not possess an obvious
Nuclear Localization Sequence (NLS) in mammals (Bockstaele et al, 2006a, 2006b).
However, Cip/Kip proteins possess a well-characterized bipartite NLS signal in their C-
terminus and this protein family required for the nuclear localization of Cyclin D-CDK4
(Bockstaele et al., 2006b, LaBaer et al., 1997, Bockstacle er al., 2006a). However, C.
elegans and Drosophila CKI do not act as nuclear localization factors for Cyclin D-CDK4
complexes. In C. elegans, the presence of the NLS in Cyclin D may drive the transport of
Cyclin D-CDK4 complexes into the nucleus to promote G1-S transition in somatic cells
(Table A1). In contrast, Dacapo, a Drosophila CKI, does not bind to or inhibit the Cyclin
D-CDK4 complexes (Meyer et al., 2000), and the NLS in CDK4 might drive Cyclin D-
CDK4 complexes into the nucleus. In O. dioica, Cycln Dd and CKla have a predicted NLS
whereas CDK6 does not have any NLS. Moreover, we detected Cyclin Dd but not CKla in
the G1 phase of somatic and germline nuclei. This suggests that CKla is not required for

nuclear localization of Cyclin Dd-CDK6 complexes during G1 phase in O. dioica.

5.5.2 Differential regulation of E2Fs in mitotic and endocycling cells during growth
arrest

Another cell cycle regulator, the E2F1 transcription factor, is regulated by TOR
signaling in Drosophila (Zielke et al., 2011). We asked whether E2Fs were regulated by

TOR signaling in mitotic and endocycling cells of O. dioica under GA. In mammals, nine
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5. General discussion

activator and repressor E2Fs have been described (van den Heuvel & Dyson, 2008).
Understanding the functional and structural redundancy among these E2F family members
is challenging, complicating their functional interpretation, which poses as a major obstacle
in in vivo E2F studies. Hence, organisms with fewer E2Fs are preferable when studying
E2F functions. Unlike mammals, Drosophila has a single typical activator and typical
repressor E2F, but does not have atypical E2Fs (van den Heuvel & Dyson, 2008). We
identified a single typical activator E2F] and atypical repressor E2F7 in the O. dioica
genome (Figure AS). Due to the presence of a single typical and atypical E2F, O. dioica
serves as an excellent model to understand the antagonistic functions of typical activator
E2F1 and atypical repressor E2F7 during cell cycle regulation.

In the mammalian mitotic cell cycle, the activity of E2F1 is controlled in a cell cycle
phase dependent manner. E2F1 is expressed during G1 phase and is bound to E2F1 target
promoters through the DNA-binding subunit DP1 (Flemington et al., 1993). These E2F-
DP1 complexes activate transcription and promote G1-S transition. During G1 phase, Rb
binds E2F1 and prevents the formation of E2F1-DP1 complexes. Upon activation in
response to mitogenic cues, Cyclin D/E-CDK complexes phosphorylate Rb.
Phosphorylated Rb dissociates from E2F1, allowing E2F1 to activate transcription from
target genes and promote S phase entry. During S-phase exit, E2F1 and DP1 subunits are
phosphorylated by Cyclin A-CDK2 complexes, resulting in the release of bound E2F1-DP1
complexes from target promoters. The released E2F1 is destroyed by SCF-mediated
ubiquitination and degradation in G2-M phase (Flemington et al., 1993, Helin et al., 1993).
Similarly, E2F1 expression is detected only in G1 phase of mitotic imaginal disc cells in
Drosophila (Asano et al., 1996). However, in Drosophila salivary gland endocycling cells,
E2F1 is expressed in G phase but degrades during S-phase (Zieke et al., 2011). This
proteolytic destruction of Drosophila E2F1 during S phase depends on the E2F1 PIP
(PCNA interacting protein) box motif. The E2F1 PIP motif binds PCNA and mediates an
interaction with CRL4 ubiquitin ligase (Shibutani et al., 2008). Unlike E2F1 dynamics in
the Drosophila salivary gland, O. dioica E2F1 is constitutively present in G-and S-phases
of somatic endocycling cells but is detected only in G1 phase of germline mitotic nuclei
under standard culture conditions. Moreover, O. dioica E2F1 lacks the PIP box degradation

motif. Taken together these findings suggest that distinct E2F1 regulatory mechanisms are
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involved in controlling endocycles in Drosophila and O. dioica. The absence of the PIP
box in E2F1, and apparent absence of Cyclin A-CDK2 complexes in regulating E2F1
degradation in endocycling cells (Campsteijn et al., 2012), suggest that E2F1 might be
differently regulated in O. dioica. Possibly, Cyclin D/E-CDK complexes promote G-S
transition, by phosphorylating Rb on target promoters bound by Rb-E2F complexes
(Flemington ef al., 1993, Helin et al., 1993) in endocycling cells of O. dioica.
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Figure 15. TOR mediates somatic endocycle progression. A. Under standard growth
conditions, Insulin and TOR signaling control the G-S transition by positively regulating the
translation of Cyclin Dd, E2F1 and negatively regulating the translation of CKla. Cyclin-CDK
complexes promote G-S transition through release of E2F1 from Rb. B. During growth arrest or
direct inhibition of TOR by rapamycin, endocycling cells arrest immediately due to reduction of
Cyclin Dd and E2F1 levels concomitant with increased levels of CKla. CKla is translocated to
the nucleus, possibly to inhibit CyclinD-CDK6 and CycinE-CDK2 complexes. Under nutrient-
limited conditions, CKlIa up-regulation might be mediated by the activation of FOXO
transcription factors during growth arrest (Unpublished data from Danks ef al.).
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Starvation in Drosophila larvae induces cell cycle arrest in endocycling and mitotic
cells. This arrest was overcome by over-expression of E2F1 in endocycling cells but not
in mitotic cells (Britton et al 1998). Moreover nutrient-dependent TOR signaling
positively regulates translation of E2F and promotes endocycling in Drosophila (Zielke
et al., 2011Db, Britton & Edgar, 1998). We also demonstrated the importance of E2F1 for
somatic endocycle progression in O. dioica during GA/ TOR inhibition (Figure 15).
Under nutrient-deprived growth conditions, E2F/ mRNA levels were not affected but
protein levels became almost undetectable and somatic endocycles ceased. However,
expression of E2F1 protein did not change in the mitotic germ nuclei under nutrient
limitation. Thus, the translation of E2F1 was responsive to nutrient availability in a TOR-
dependent manner in endocycling cells, but not to the same extent in mitotic cells.

The atypical Rb independent transcription repressor E2F7 acts as an antagonist for
E2F1 functions and prevents the G1-S phase transition in mammalian endocycling
trophoblast giant cells (Chen H. Z et al., 2012). Similarly, E2F7 promotes the G2-S
transition in mitotic cells by repressing E2F1 targets (Westendorp et al., 2012). In O.
dioica cultured under standard conditions, E2F7 localized to the nucleolus of G and early
S phase nuclei but not to the mid-S phase somatic endocycling cells (Figure A6). This
suggests a possible role in inhibiting the G-S phase transition. During GA, both E2F7
transcripts and protein levels increased and the protein accumulated in arrested
endocycling cells (Figure A6). There is ambiguity in the literature regarding the role of
different atypical E2Fs in regulating endocycles. Atypical E2Fe in Arabidopsis is required
to prevent endocycles (Lammens T, 2008) whereas atypical E2Fs in mammals promote
endocycles (Chen H. Z et al., 2012). Additionally, atypical E2Fs play a major role in cell
survival, regulation of stress, hypoxia, and apoptosis (Li J, 2008). In O. dioica, E2F7
accumulates in the nucleolus of arrested somatic endocycling cells during GA suggesting
that E2F7 has a role in blocking somatic endocycle progression in O. dioica under
nutrient limitation. Recent reports have revealed that cellular stress induces nucleolar
accumulation of E2F1 causing repression of rRNA transcription, and ribosomal
biosynthesis, leading to cell cycle arrest in human cells (Jin et al., 2014). Accumulation of

nucleolar E2F7 under nutrient limitation may also be a mechanism to promote survival of
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O. dioica under GA. The precise role(s) of E2F7 in cell cycle regulation of endocycling

and mitotic tissues and survival need to be investigated further in O. dioica.

5.6 Activation of survival signaling MAPK in the germline during growth
arrest

MAPK cascades are evolutionarily conserved signaling pathways activated under
various environmental stresses to promote survival and extend lifespan (Troemel et al.,
2006). Activation of ERK1/2 and p38 signaling has been shown to play a major role in
increasing longevity in C. elegans (Troemel et al., 2006, Okuyama et al., 2010).
Furthermore, activation of MAPK p38 in germline was also shown to extend lifespan in
C. elegans (Alper S, 2010), whereas p38-dependent MSK1 activity plays a pro-survival
role in mammalian cells (van der Heide et al., 2011). Our studies showed that inhibition
of MAPK ERK1/2 and p38 during dense cultures of O. dioica resulted in decreased
survival, consistent with the role of these MAPK pathways during stress to improve
survival. Moreover, we also demonstrated an increase in the active forms of the MAPK
ERK1/2 and p38 as well as activation of their common downstream effector MSK1 in
the mitotic germline under GA. These findings further substantiate the role of MAPK
pathways in increasing survival and lifespan during nutrient-deprived GA. Although GA
was characterized by reduced TOR signaling activity, the rapamycin-mediated inhibition
of TOR signaling, activated p38-MSK1 signaling but not ERK signaling in the germline.
This suggests that absence of TOR signaling in GA animals directly activates p38-
MSK1 signaling in the mitotic germline whereas activation of ERK1/2 is independent of
inhibition of TOR signaling. Moreover, MAPK signaling positively regulates the mitotic
cell cycle (Wilkinson & Millar, 2000), suggesting that the activation of MAPK ERK1/2
and p38 signaling in the germline might be involved in maintaining the mitotic cell cycle
in the germline under GA. Additionally, MAPK ERK1/2 and p38 signaling positively
regulate TOR signaling and stimulate protein synthesis (Cully et al., 2010, Miyazaki M
et al., 2011) suggesting that the MAPK p38 pathway might be activated to compensate
for the reduction of TOR signaling in the mitotic germline during GA in O. dioica. In

light of the above findings, we conclude that the activation of ERK1/2, p38 and MSK1
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in the germline promotes survival and extends lifespan in O. dioica during nutrient

limitation.

5.7 MAPK p38 signaling promotes cyclin Dbf transcription during growth
arrest

In human fibroblasts, activation of MAPK p38 signaling either arrests or promotes
the cell cycle depending on the nature of the upstream inducer (Faust et al., 2012).
Chemical stress induces stronger and longer activation of p38, inhibits the transcription of
cyclin D1 and causes cell cycle arrest. On the other hand, mitogenic stimuli induce a weak
and transient activation of p38, which stimulates cyclin DI transcription and promotes
cell cycle progression. It is also known that MAPK p38 signaling activates the
transcription factor CREB, which stimulates cyclin D transcription (Deak et al., 1998,
lordanov et al., 1997, Wiggin et al., 2002). Hence, we investigated whether the activated
MAPK p38-MSK1 promotes the transcription of D-type cyclins in O. dioica under
nutrient deprivation in the mitotic germline. We observed that the transcripts of cyclin
Db splice variant as well as the number of cytoplasmic Cyclin Db foci increased in the
germline during GA. However, the precise splicing mechanism of Cyclin Db under GA
needs to be elucidated. The up-regulation of Cyclin Dbf in the proliferating germline
under GA, suggests that Cyclin Db might positively regulate the germ nuclei
proliferation under nutrient deprivation. This contrasts with studies showing that up-
regulation of Cyclin D2 and splice variant D2SV was observed in cell cycle-arrested
mammalian cells during starvation (Wafa et al., 2013, Meyyappan et al., 1998, Ahmed et
al., 2008). We also have demonstrated that activation of MAPK p38 signaling promotes
cyclin Dbp transcription. The presence of CREB-binding consensus sequences in the
cyclin Db promoter suggests that p38-MSKI1 possibly induces cyclin Dbf expression
through phosphorylation of the CREB protein in the mitotic germline, though this remains
to be directly verified. Thus p38-mediated increase of Cyclin Dbp in germline cytoplasm,
may be one of the mechanisms responsible for promoting cell cycle in germline nuclei of

O. dioica under GA.
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5.8 Cyclin Db sequesters CKlIa and promotes germline nuclei proliferation
during growth arrest

In mammalian cells, upregulation of Cyclin D forms Cyclin D-CDK4 complexes
which sequester CKI in the nucleus thereby reducing freely available CKI. As a result, the
Cyclin E-CDK2 complexes are not inhibited by CKI resulting in the G1-S transition
(Sherr 1999). Sequestration of CKI has also been reported in the cytoplasm in order to
promote cell cycle progression in cancer cells (Kim et al., 2009, Zhou et al., 2001, Serres
etal., 2011, Wu et al., 2006). Mutation of CDK activating kinase (CAK) residue T156 in
human Cyclin D1 results in the formation of an inactive complex with CDK4 which
sequesters p27 in the cytoplasm of NIH/3T3 cells (Diehl & Sherr, 1997). Similarly, a
K112 mutant of Cyclin D1 forms an inactive complex with CDK6 which sequesters p27
in mammalian fibroblasts (Landis ef al., 2006). Inactive complexes of human and mouse
Cyclin D2 splice variant D2SV (does not retain T156) with CDK4 are also localized
exclusively to the cytoplasm and regulate cell cycle progression by sequestering p27
along with other cell cycle regulators (Cyclin D, Cyclin B, and CDK4) (Denicourt et al.,
2008, Sun et al., 2009, Wafa et al., 2013). It has further been shown that inhibition of
TOR signaling in mammalian cells, increases the cytoplasmic sequestration of p27,
promotes the G1-S transition in mitotic cell cycles and increases survival (Short et al.,
2008, Hong et al., 2008). Similarly, reports in C. elegans show that Cyclin D-CDK4
complexes and CKI-1 inhibit each other in somatic cells (Boxem & van den Heuvel,
2001). This suggests that Cyclin D-CDK4 complexes may contribute to CKI-1
inactivation, possibly through CKI-1 sequestration. However in Drosophila, Dacapo does
not bind the Cyclin D-CDK4 complex (Meyer ef al., 2000), and hence may not use CKI
sequestration as a mechanism to drive G1-S progression.

In O. dioica, increased CKla protein levels were observed in arrested endocycling
somatic cells. However germline nuclei did not arrest despite increased levels of CKla,
during GA. We demonstrated that Cyclin Db interacts with CDK6 and CKla, suggesting
that the Cyclin DbB-CDK6 complex binds CKla. Furthermore, we also observed that
cytoplasmic foci of Cyclin DbP and CKla colocalize in the mitotic germline cytoplasm.
The number of these cytoplasmic Cyclin DbB-CKla foci increased in proliferating

germline under nutrient-dependent GA. Cyclin Db is thought to act as a dominant
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Figure 16. In the germline, MAPK p38 mediated Cyclin Db stimulation overcomes CKI-
mediated cell cycle arrest during TOR inhibition. During growth arrest or inhibition of TOR
signaling, mitotic germ nuclei initially overcome CKla-mediated cell cycle arrest and continue to
proliferate. Proliferative rates gradually slow and full arrest occurs after several days. CKla up-
regulation might be mediated by the activation of FOXO transcription factors during nutrient
deprivation (Unpublished data from Danks et al.,). However during nutrient limitation / TOR
inhibition, stress-induced MAPK p38-MSK1 signaling is activated, promoting the transcription
of cyclin Dbf probably through the activation of CREBI1. Up-regulated Cyclin Db forms a
complex with CDK6 and sequesters increased CKla in cytoplasm to overcome CKla-mediated
cell cycle arrest. It is possible that a shift in the balance between Cyclin DbB-CDK6 and Cyclin
Dd-CDKG6 complexes causes a gradual arrest in the germline nuclei.
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negative of Cyclin D, since its predicted domain structure lacks the Rb binding and
phosphodegron regions. However, we observed that Cyclin Db sequesters CKla in the
germline cytoplasm and promotes G1- S transition of germ nuclei. Contrary to its role as
dominant negative mutant of Cyclin D, Cyclin Dbp positively regulates the proliferation
by sequestering CKla in the syncytial germline. We hypothesize that, in the mitotic
germline, activated MAPK p38 increases the levels of Cyclin Dbf. Increased levels of
Cyclin Db result in sequestration of up-regulated CKla to promote proliferation during
the initial period of GA (Figure 16). This mechanism of suppressing CKI activity by
cytoplasmic sequestration is different from other mechanisms used by GSCs of
invertebrate model organisms to suppress CKI activity. GSCs of invertebrate model
systems suppress CKI activity by either regulating CKla translation or CKla stability
(Narbonne & Roy 2006b). Our findings also suggest that there is a balance between
Cyclin Dd and Cyclin Dbf expression for promoting G1-S transition in germline nuclei of
O. dioica under GA. Such an interpretation is further supported by the differential
response of somatic endocycling cells (Cyclin Dd present; Cyclin Db absent) and the
germline (Cyclin Dd present; Cyclin DbB present) to nutrient-restricted conditions
(Figure 14). It may be possible that CDKG6 is also sequestered gradually with increased
Cyclin Db levels under nutrient -limited condition. This results in an increase in the ratio
of cytoplasmic Cyclin DbB-CDK6 versus Cyclin Dd-CDK®6, causing a gradual arrest in
cell cycle progression in mitotic germline during later stages of GA under nutrient-
deprived conditions.

In summary, semelparous O. dioica was subjected to high-density culture which
caused GA just prior to meiotic entry and extended the lifespan up to threefold. GA
during nutrient deprivation was characterized by reduced TOR signaling. Under these
conditions, the MAPKs, ERK and p38, were activated in the germline probably for
survival of O. dioica. This model organism was used to study the molecular mechanisms
downstream of TOR signaling that differentially regulate endocycling and mitotic cells.
TOR signaling regulated the G1-S transition by stimulating the translation of Cyclin Dd,
and E2F1 while repressing CKla levels. When TOR was inhibited, endocycling cells
stopped cycling due to decreased translation of cyclin Dd and E2FI, and increased

expression of CKla and E2F7, resulting in GA. However, in mitotic tissues, inhibition of
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TOR signaling activated stress-induced MAPK p38 signaling, which promoted
transcription of the cyclin Dbf splice variant. Co-expressed Cyclin Dd and Cyclin Db
cooperate to promote S phase in germline nuclei of syncytium. Increased Cyclin Dbp co-
localized with the up-regulated CKla, thus permitting the G1-S transition in mitotic
germline through sequestration of this negative regulator. Possibly, energy-dependent
reduction of TOR signaling in the germline, gradually down-regulates cyclin Dd
translation and increases the ratio of cytoplasmic Cyclin DbB-CDK6 versus Cyclin Dd-
CDKG6 complexes. This correlated with the gradual cell cycle arrest of syncytial germline

nuclei.

5.9 Conclusion

In this study we have used the semelparous reproductive model organism to gain an
understanding of the link between germline status and lifespan extension. We have
interpreted, in a significantly different manner, the link between reproductive status and
lifespan extension in semelparous model organism in comparison with iteroparous model
organisms in response to nutrient-limited stress. In iteroparous reproductive models C.
elegans and Drosophila, meiotic entry occurs several times and post meiotic cells are
destroyed but a pool of active GSCs is maintained during paused lifespan in response to
nutrient limitation. The pool of maintained GSCs is reactivated when nutrient conditions
improve in these iteroparous models. However, in the semelparous model, lifespan
extension occurs only before meiotic entry under nutrient deprivation and GSCs are not
maintained after meiotic entry. Nutrient limitation encountered after meiotic entry leads to
production of reduced number of progeny. This single meiotic entry is a definitive signal
that lifespan extension can no longer occur after onset meiosis in this semelparous model.

In contrast to C. elegans and Drosophila GSCs, O. dioica germ stem nuclei have a
distinct G1 phase and co-expressed Cyclin D variants cooperate to regulates G1-S
transition in syncytium. Moreover, CKla sequestration by Cyclin Db is a mechanism
used by GSCs in O. dioica for suppressing CKI activity, which is distinct from GSCs in
these invertebrates. Understanding the molecular regulation of syncytial germ stem nuclei
proliferation sheds light on the mechanisms involved in the adaptation of adult stem cells

to nutritional limitation. Deregulation of nutrient signaling, occurrence of endomitosis and
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polyploidy are hallmarks associated with various types of human cancers (Showkat et al.,
2014, Erenpreisa et al., 2005a, Erenpreisa et al., 2005b). Additionally, an increase in
Cyclin D1, Cyclin D1b and Cyclin D mediated cytoplasmic sequestration of CKI has also
been reported in several human cancers (Knudsen et al., 2006, Kim et al., 2009, Zhou et
al., 2001, Serres et al., 2011, Wu et al., 2006)). Similarly, we also reported that MAPK
p38 increases Cyclin Db, which sequesters CKla in the cytoplasm of endomitotic
germline under inhibition of nutrient signaling in O. dioica. Thus, the TOR/MAPK
signaling mechanisms investigated in this study of O. dioica, unveil a striking relevance
to cancer development in humans. A thorough understanding of these TOR/MAPK
signaling mechanisms governing ageing and GSC proliferation in syncytium, in the future
will provide insight for regenerative medicine and developing therapeutic approaches for
treating cancers. Nonetheless, a sound understanding of ageing mechanisms, in future,

will also allow us to tweak these mechanisms to benefit mankind.

5.10 Future perspectives

In this study, we have established a link between reproduction and lifespan
extension in the semelparous chordate model O. dioica. We have also gained an
understanding of the regulation of germline status and organismal lifespan through TOR
signaling in O. dioica. However, it remains unclear as to how Insulin signaling (TOR
dependent/independent) influences lifespan in O. dioica. Future goals will be to identify
the molecular mechanisms governing meiotic onset and germline differentiation and to
determine how Insulin and TOR signaling influences these mechanisms. It would also be
interesting to determine whether there exists cross-talk between nutrient and stress
signaling during germline nuclei proliferation and differentiation. Exploring the role of
FOXOs in cell cycle regulation, reproduction and lifespan during GA in O. dioica, will
help determine whether FOXOs are the upstream regulators of TOR signaling during
nutrient deprivation in O. dioica. In addition to this, investigating the potential signaling
roles of the ITC in germline would improve our understanding of germline proliferation
and differentiation in O. dioica. Furthermore, deciphering the role of endocrine signaling
and various other nutrient signaling pathways on germline status and lifespan of O.

dioica, will tell us whether endocrine signaling (sex hormones) or other nutrient signaling
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5. General discussion

pathways are also involved in establishing the link between germline status and lifespan
in O. dioica.

We have successfully established methods to express recombinant fusion proteins
(Capped mRNA with reporter) and knockdown proteins using double stranded DNA in
embryos, somatic cells and the germline of O. dioica. It would be interesting to study the
effects of TOR knockdown on cell cycle regulators and effectors of TOR signaling in
somatic endocycling cells and GSCs. This would provide additional insight into the
differential regulation of these cell cycle variants by TOR signaling. In this study we
demonstrated that cell cycle progression in mitotic tissues starts prior to endocycles in
somatic tissues upon release from GA. Understanding the mechanisms which regulate the
cell cycle and identifying the various signaling pathways involved in these two tissues
upon reactivation, will provide a better picture of the role of the nutrient signaling in
regulating these cell cycle variants

In contrast to the C. elegans and Drosophila GSC cell cycles, O. dioica germ
nuclei have a distinct Gl-phase and we have begun to understand nutrient-dependent
regulation of D-type cyclins, E2Fs and CKI in GSCs. Functional characterization of
Cyclin E-CDK2 complexes and regulation of Cyclin E-CDK2 complexes by nutritional
signaling in O. dioica will provide more information on the regulation of GSCs
proliferation. Studying the effects on other cell cycle regulators such as D-type cyclins,
CKIb and CKlc, in response to various external stimuli such as nutrient depletion in
endocycling as well as in mitotic germ nuclei will improve our understanding of the
regulation of these cell cycle variants. A previous study from our lab reported that CDK1
is amplified in O. dioica. These amplified odCDKI1 paralogs have a modified PSTAIRE
motif (Campsteijn et al., 2012). The PSTAIRE motif is generally present on CDK1 and it
mediates the interaction with Cyclin B in all organisms (Lim and Kaldis, 2013). It is in
our interest to elucidate the possible interaction between amplified CDK1 paralogs and D-
type cyclins in regulating the cell cycle variants. In addition, immune-precipitation
studies, yeast and mammalian two hybrid systems would help to identify the interacting
partners of various CDKs, Cyclins and their splice variants in germline and endocycling
cells. These interaction studies might help to obtain an improved picture of the

mechanistic regulation of the cell cycle in these cell types. Further, generating stable
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transgenics which knockdown or over-express TOR signaling components will improve
our understanding of the role of TOR signaling components in regulating the cell cycle,
germline status and lifespan in O. dioica.

Chromatin immunoprecipitation (ChIP) in O. dioica has been established in the lab
and we have begun to characterize epigenetic changes over the compacted regulatory
regions and open reading frames of O. dioica genes. It would be of interest to study the
genome wide epigenetic histone H3 modifications (repressed and activated chromatin)
occurring in GA, rapamycin treated and GA released animals, which might be critical in
regulating the expression of the cell cycle regulators. If a method to mechanically separate
somatic endocycling cells from the germ stem nuclei was practicable, then ChIP with
isolated cell types could reveal cell-type specific regulation of these marks on target cell
cycle promoters, thus explaining the differential regulation of these cell types
epigenetically. ChIP-seq with E2F1 and E2F7 will determine the occupancy of these
proteins on promoters of cell cycle regulators, although a cell type-specific ChIP-seq
would be more informative on the differential occupancy of E2F1 and E2F7 in
endocycling and mitotic cells. Additionally, EMSA can be performed (Electrophoretic
mobility shift assay) to confirm the predicted occupancy of FOXO on CKla promoter and
occupancy of CREB on cyclin Db promoter during GA.

Genome wide transcript studies provide a global and mechanistic view of
regulation of development. We established “OikoBase”, a tiling array-based genome
browser resource for O. dioica, which provides an unbiased whole genome transcription
data set from different developmental stages, including GA and GA released states
(Danks et al., 2013). Analysis of OikoBase has helped identify certain regions of O.
dioica genome which are unique to GA. These genomic regions are specifically expressed
during GA in O. dioica, which otherwise remain dormant throughout its lifespan.
Elaborate investigation of the genes in these genomic regions might provide novel
molecular mechanisms in ageing research (Unpublished data from Gemma Danks, Prof.
Eric Thompson’s lab). Additionally, we are in the process of generating a ribosomal
profiling sequencing library of TOR responsive TOP mRNAs (Danks et al., 2014). This
library might help further elucidate the mechanisms of TOR mediated regulation of cell

cycle, growth, and lifespan. Further, transcriptomic interrogations during GA and TOR
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5. General discussion

inhibition (both tiling array, RNA seq data), characterizing the GA specific transcripts and
their translational regulation, will help us understand the environmental cues that regulate
meiotic onset and cell cycle variants to influence lifespan in O. dioica. Ultimately our
goal in studying O. dioica is to provide valuable information on lifespan extension and

molecular regulation of cell cycle variants.
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Figure Al. Multiple sequence alignment of TOR. O. dioica TOR was aligned with TOR from
other species using MUSCLE. Dark shading indicates identical conserved amino acid positions and
grey shading represents similar amino acids. Predicted rapamycin binding sites are indicated in a
red box. DmTOR - Drosophila melanogaster TOR, MmTOR - Mus musculus TOR, OdTOR -
Oikopleura dioica TOR, Ce TOR - Caenorhabditis elegans TOR.
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TOR DNA Merged

Endocycling Somatic

Mitotic Germline

Figure A2. TOR in Oikopleura dioica somatic and germline cytoplasm. Immunostaining
of TOR (anti TOR-VEADDAKVKIQRVTAKLEGKDF) shows that TOR is localized in the
cytoplasm of both the germline and in endocycling epithelial cells. Scale bars indicate 10 pm.

80



6. Appendix

Cyclin binding region
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Figure A3. Multiple sequence alignment of Cip/Kip sequences with O. dioica
CKlIs. O. dioica CKIs (CKlIa, CKIb and CKlIc) were aligned with members of the
Cip/Kip family from other species using MUSCLE. Dark shading indicates identical
conserved amino acid positions and grey shading represents similar amino acids.
Cyclin and Cyclin-dependent kinase (CDK) binding regions are indicated by double-
headed arrows. Cyclin binding residues RXLF (red box) and the tyrosine residue
(black circle), a phosphorylation site critical in the formation of non-inhibitory, active
complexes with Cyclin D-CDK4/6, are indicated. Dmdap - Drosophila melanogaster
Dacapo, Mmp27 - Mus musculus p27, Mmp2l - Mus musculus p21, OdCKI -
Oikopleura dioica CKI, CeCKI - Caenorhabditis elegans CKI.
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GGCGGTGAGCGACTCATCGATGCTTCACAAGTCGACGCTGGTCTGTTTGAACTCGACAAGAAAAATCAAAGCAGC
TCGTTTCCAGCTACGAATGTAACGCTCTCAGGTCCGGAGCGGCGAGGACGAATGCCTGATGCTCACGTTGAGATT
CTGCTCGATTGTTACAAGTTCGTGCTTCAAAATCGAATGCTCAGTTCTGGAAGACTTGGAAAAGGCTCCTTCCAA
GAGGTCGCCGACGAAATGAATCGGCGATGCGGGCTCGACGGCGACGGAACTTACGAGCGAGAGCAACTTGCAGCC
ARACTTCARAACTTGAAGACGCAATTTCGGAATAGAARACAAGCTGTTGACGACGGCCGTGAGAGTGGCAGTCTT
TGGAAGTGGTATCAGACGATGGACGACTTATCGAATGCTGAGTTTAACCTTCGCGAGTCATTCGATAGCGCGCCG
AATCTCAGCTACAGACTCAACTCAGTTTACCAAAACTCACCGCTTTCAGCGTCACAAGAAGATGAACAAAGCATC
TCCAGAGATGAGCGCTTCGATCTTGACTACGACAATGCAGATTCGACAACATCGCGCAAAGAGAAAAGAGAGATG
ACTCGCGAGGAGCTTGAGCACTCGGTCGGAAATCTGGCGATGCTTCTTTTCCACAAAGATGAGAACAAGGAGTTA
ACCGAAGAGTCAGAGTCAGAAGATACGGATCGATGTAGCGCTAGTGTTACTCATCAGTTAAACAATATGAGATCA
ACAGCAGTGAAGCTACTCAGCGGCTTCTCTGCGCTTATTTCTCATATTGAGGCTGAATAGATCCCTTTTTCARAT
ATGTCCCTACTCATTCCTAGTTAACTTTTCTCGCCAGGGTTAAGTCCTCTCTTTCTACGAATCCCARAAACGTAT
GTTTTGTTGCTTTAARAAAGACCTCTATCCAATCATTTAAAATCATCTCTTTACTTTACCGAAGATTTCCGTTGT
TTGCTCGTATTTTCTGTAATAATTAACCTATCAGAGTCTGATTTCATGATCTGGTAATGATTTAAAAGCTTTTCG
TTCAATTCATATTTTCACAGCTCTTCTTTTAGAACHNG

Figure A4. Analysis of FOXO binding sites in the O. dioica CKlIa promoter. A) The FOXO
ortholog (GSOIDGO00003334001) expression level was plotted using the Oikobase
(http://oikoarrays.biology.uiowa.edu/Oiko/expression_matrix.html) expression matrix. Expression of
FOXO was observed in day 4 dense but not in day 4 standard conditions. B) Promoter sequence of
CKla extracted from the Oikopleura dioica genome (Denoued et al., 2010). Predicted FOXO
binding sites in the promoter were identified using ConSite (http://consite.genereg.net). The
predicted FOXO binding site sequence logo was created using http://weblogo.berkeley.edu/logo.cgi.
The overall height of the stack in the sequence logo indicates the sequence conservation at that
position while the height of the symbol within the stack indicates the relative frequency of nucleic
acid at that position. C) Predicted FOXO binding consensus sequences are highlighted in yellow in
the CKla promoter sequence.
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Figure AS. Multiple sequence alignment of atypical E2F sequences with O. dioica
atypical E2F7. O. dioica E2F7 was aligned with members of atypical E2Fs from other
species using MUSCLE. Dark shading indicates identical conserved amino acid positions
and grey shading represents similar amino acids. Predicted DNA binding regions are
indicated by red boxes. MmE2F7 - Mus musculus E2F7, MmE2F8 - Mus musculus E2F8,
OdE2F7 - Oikopleura dioica E2F7, CeEFL3 - Caenorhabditis elegans EFL3, AtE2Fe -
Arabidopsis thaliana E2Fe.
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Figure A6. Nutrient signaling regulates the expression of atypical transcription repressor
E2F7 in somatic endocycling cells of O. dioica. A) At standard culture conditions, E2F7 was
present in the nucleolus of G phase (empty arrow head) and early S phase (filled arrow head)
but not during mid S phase (arrows) of somatic endocycling cells. Immunostained E2F7
colocalized with the nucleolar marker fibrillarin. B) Quantitative Real time PCR was performed
using RNA isolated from O. dioica cultured under standard and dense conditions at days 2, 3, 4
and 5. The expression of E2F7 was not affected in day 2, day 3 and day 5 animals grown under
dense conditions but increased specifically in day 4 animals at high culture densities. The
relative mRNA expression values and standard error, were derived from three different
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populations. mRNA expression was normalized to transcription of the house keeping gene
EF1p. C) Western blot analysis of whole cell lysates from animals cultured at standard
(Standard) or high densities that induced growth arrest (GA). In the latter case, E2F7 levels
were increased D) Immunostaining of E2F7 showed accumulation in the nucleolus of arrested
endocycling cells of GA O. dioica. Scale bars indicate 10 um. Error bars indicate standard
error.
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Table Al. NLS predicted from Eukaryotic linear Motif (http://elm.eu.org)

Organisms Protein Predicted NLS
Human Cyclin D1 No
(Larrea et al.,2008, CDK4/6 No
Bockstaele et al., 2006a, | p27 Yes
b) p21 Yes
Drosophila Cyclin D No
CDK4 Yes
Dacapo Yes
C. elegans Cyclin D Yes
CDK4 No
CKI-1 Yes
O. dioca Cycln Dd Yes
Cyclin Db No
CDK6 No
CKla Yes
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