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i. Abstract 

English 

Cell proliferation is a tightly regulated process that results in an increase in the number of 

cells by cell division which is important for proper development. The satisfaction of cell cycle 

checkpoints prevents the transmission of genetic errors to daughter cells during cell division. The 

regulation of cell cycle checkpoints, such as the G1/S and G2/M checkpoints, by signaling 

pathways helps cells to coordinate cell cycle regulation with external conditions. However, less 

is known about whether these cell cycle-regulating pathways also regulate progression through 

mitosis. 

The Caenorhabditis elegans germ line is an excellent model system to study mitosis in 

vivo. C. elegans hermaphrodites contain two U-shaped gonad arms which each contain a pool of 

mitotically dividing germline stem cells (GSCs). GSCs are located within the distal region of the 

germ line, called the “mitotic zone” (Crittenden et al., 2006; Pazdernik & Schedl. 2012). Similar 

to stem cells in mammals, C. elegans GSCs interpret and respond to physiological changes, such 

as dietary restriction or growth factor signaling pathways (Hubbard et al., 2013). However, 

unlike most mammalian stem cells, GSCs are amenable to intravital imaging, making them a 

powerful model for studying mitosis in vivo.  

Previous work in our lab has shown that reducing canonical insulin/IGF-1 signaling (IIS) 

affects GSC mitosis. The knockdown of the IIS receptor DAF-2/IGFR extends the duration of 

mitosis through a mechanism that requires both DAF-16/FOXO and DAF-18/PTEN (E. Cheng, 

unpublished). The goal of my research is to investigate if other signaling pathways also affect 

GSC mitosis. By measuring GSC mitotic duration in RNAi treated worms and in genetic 

mutants, I found that the reduced activity of the Notch and Transforming Growth Factor beta 
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(TGF-β) pathways delays GSC mitotic progression. In addition, while dietary restriction results 

in similar mitotic delays as when IIS is reduced, mitotic delays upon dietary restriction are 

dependent on DAF-18/PTEN, but not DAF-16/FOXO. These results suggest that both 

physiological changes and growth factor signaling pathways affect GSC mitosis, and that the 

mechanisms linking these to GSC mitotic delays are likely to be different. 
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French 

La prolifération cellulaire est l’augmentation du nombre de cellules par division cellulaire. 

C’est un processus étroitement contrôlé qui est nécessaire pour le bon développement d’un 

organisme. Les points de contrôle du cycle cellulaire sont nécessaires afin d’assurer la fidélité de 

la duplication du matériel génétique durant le cycle cellulaire. La régulation de ces points de 

contrôle, tels que les points de contrôle en G1/S et en G2/M, par des voies de signalisation aide les 

cellules à adapter la régulation du cycle cellulaire en réponse aux conditions externes. Cependant, 

nous ne savons pas si ces voies de régulation du cycle cellulaire régulent aussi la progression en 

mitose.  

La lignée germinale de Caenorhabditis elegans est un excellent modèle pour étudier la 

mitose in vivo. Les hermaphrodites C. elegans possèdent deux gonades, contenant chacune un pool 

de cellules souches germinales (CSG). Les CSG se divisent par mitose et se situent dans la région 

distale de la lignée germinale, appelée la « zone mitotique » (Crittenden et al., 2006; Pazdernik & 

Schedl. 2012). Comme les cellules germinales des mammifères, les CSG de C. elegans interprètent 

et répondent à des changements physiologiques, tels que la restriction alimentaire ou aux voies de 

signalisation de facteurs de croissance (Hubbard et al., 2013). Contrairement à la plupart des 

cellules souches des mammifères, les CSG peuvent être visualisées par microscopie intravitale, ce 

qui en fait un excellent modèle pour étudier de la mitose.  

De précédents résultats dans notre laboratoire ont montré qu’une réduction de la 

signalisation canonique de l’insuline, aussi appelé IIS (Signalisation Insuline/IGF), affectait la 

mitose des CSG. L’inactivation du récepteur de l’IIS, DAF-2/IGFR, rallonge la durée de mitose 

par un mécanisme qui requière DAF-16/FOXO et DAF-18/PTEN. L’objectif de ma recherche est 

de déterminer si d’autres voies de signalisation affectent également la mitose des CSG. En utilisant 
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de l’ARN interférant et des mutants génétiques et en mesurant la durée mitotique des CSG, j’ai 

trouvé que l’activité réduite de la signalisation de Notch et du facteur de croissance transformant 

β (TGF-β) retarde la progression mitotique des CSG. De plus, alors que la restriction alimentaire 

entraîne des retards en mitose similaires à lorsque IIS est réduit, les retards mitotiques dus à la 

restriction alimentaire dépendent de DAF-18/PTEN, mais pas de DAF-16/FOXO. Ces résultats 

suggèrent que les changements physiologiques et les voies de signalisation de facteurs de 

croissance affectent la mitose des CSG, et que les mécanismes liant ces délais sont suceptibles 

d’être différents.  
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iv. Introduction 

Cell proliferation is a crucial process that governs developmental events, tissue repair, 

and growth. The regulation of this process involves intricate signaling networks and 

environmental cues. Dysregulation of cell proliferation can lead to serious growth defects, such 

as cancer. Extensive research has been undertaken to unravel the mechanisms underlying cell 

proliferation regulation. For instance, the G1/S checkpoint, which determines whether the cell is 

ready to initiate DNA replication, is regulated by cyclin-D-CDK4/6 and cyclin-E-CDK2 in 

mammalian cells. The G2/M checkpoint, which regulates the entry of cells into mitosis, is 

regulated by cyclin-B-CDK1 (Duronio & Xiong, 2013). While numerous signaling pathways and 

environmental cues have been implicated in regulating the cell cycle, it is less well understood 

how these factors affect mitotic processes and mitotic fidelity. 

The aim of this study is to investigate how alterations in signaling pathways and/or 

environmental factors, such as dietary restriction, affect mitotic processes. The germline stem 

cells (GSCs) of Caenorhabditis elegans (C. elegans) serve as an excellent model system to study 

mitosis in vivo. Live imaging of C. elegans germlines at the late L4 larval stage is employed as 

the primary tool in my research. RNA interference and C. elegans mutant alleles are used to 

perform a candidate screen for signaling pathways that potentially impact the mitosis of GSCs.  

The analysis of mitosis is carried out in terms of the mitotic cell number, mitotic index, and the 

duration of mitosis, to elucidate how signaling pathways and dietary restriction impact GSC 

mitosis. My results show that the TGF-β and Notch signaling pathways affect GSC mitosis, with 

the TGF-β signaling pathway regulating mitotic timing in GSCs dependent on daf-3 and daf-5. 

Dietary restriction is also found to affect GSC mitosis in terms of mitotic timing, which is 

dependent on daf-18.   
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1.0. Literature Review 

1.1. Caenorhabditis elegans 

The nematode Caenorhabditis elegans (C. elegans) has been used as a model organism to 

study animal development and behavior since 1965 (Brenner, 1975). It is now widely used in the 

life sciences for many well-known reasons (Zhang et al., 2020). C. elegans have a short life cycle, 

about 3 days for larvae to complete development from embryo to adult under standard conditions 

(Herndon, 2018; Stiernagle, 2006). Under favorable environmental conditions, C. elegans larvae 

develop through 4 larval stages: L1, L2, L3, and L4. After the fourth larval stage, the animal has a 

fully developed germ line and enters the reproductive adult stage. The self-fertilizing adult 

hermaphrodites are about 1mm long with an average lifespan of 18-20 days (Zhang, 2020).  

The C. elegans germ line is particularly useful to study stem cell regulation in vivo. C. 

elegans hermaphrodites have two U-shaped gonadal arms with germ cells organized functionally 

from the distal to the proximal end (Figure 1A). At the distal end of the gonad, the germ cells are 

undifferentiated and divided by mitosis. These germ cells are known as germline stem cells or 

GSCs, and are located in the distal region called the “mitotic zone” or “proliferative zone” 

(Crittenden et al., 2006; Pazdernik & Schedl. 2012). GSCs are controlled by the somatic distal tip 

cell (DTC) (Kimble, 2005), which provides the niche at the tip of the mitotic zone and signals to 

the GSCs through the GLP-1/Notch signaling pathway to regulate the mitosis/meiosis cell cycle 

decision (Kimble, 2014). As germ cells move proximally along the gonad, they enter meiosis. In 

hermaphrodites, during the L4 larval stage, a proximal pool of germ cells undergoes meiotic 

divisions to produce a fixed number of sperm which are stored in the spermatheca. Further meiotic 

differentiation produces oocytes, which are fertilized as they pass through the spermatheca into 

the uterus (Kimble, 2011).  



Page 13 of 79 
 

The use of the C. elegans germ line provides a powerful model for stem cell biology 

research. C. elegans GSCs display many common features with other stem cell systems, such as 

the capability to self-renew and differentiate. Furthermore, the fast-growing nature of C. elegans, 

as well as the relative ease of genetic and molecular manipulations, makes it an advantageous 

model for exploring GSC biology. The transparent nature of C. elegans also allows direct 

observation of the mitotic division of GSCs using in situ live imaging with fluorescent proteins. 

Since most mitotic proteins are conserved in C. elegans (Pintard & Bowerman, 2019), any insights 

and findings relating to mitotic processes in this organism are likely to have wider implications 

and applicability to other biological systems. 

1.1.1. C. elegans response to unfavorable environmental conditions 

C. elegans can sense changes in the environment and adapt accordingly to increase the 

chance of survival. Under favorable conditions, the animal grows and reproduces rapidly. However, 

under unfavorable conditions, such as limited food availability, L1 and L2 larvae can shift their 

developmental program to dauer formation, which is a larval arrested state.  C. elegans dauer larvae 

have a distinct morphology and behavior compared to larvae grown under normal environmental 

conditions (Cassada & Russel, 1975). A crucial feature of the dauer program involves the arrest of 

germ cell proliferation. This inhibition of germline proliferation is primarily mediated through the 

regulation of AAK-2/AMPK, which is targeted by TGF-β and insulin-dependent signaling through 

DAF-18/PTEN (Narbonne & Roy, 2006). The dauer development decision is made in the late L1 

larval stage in response to environmental cues including population density, food supply, and 

temperature (Hu, 2007). Dauer larvae have the capacity to transition from the stress-resistant and 

non-feeding stage to reproductive adults upon the occurrence of optimal environmental conditions 
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(Golden & Riddle, 1984). Additionally, germ cell proliferation can rapidly resume when 

conditions are favorable. 

Dietary restriction, which refers to the reduced intake of food without malnutrition, has 

been linked to a reduced risk of cardiovascular and age-related diseases in humans (Redman & 

Ravussin, 2011). Similarly, in C. elegans, dietary restriction has been found to affect aging and 

longevity (Walker et al., 2005). The genetic basis of this phenomenon has been elucidated through 

studies that identified insulin/IGF-1 signaling and the DAF-16/FOXO transcription factor as a 

modulator of lifespan extension in C. elegans by dietary restriction (An et al., 2016; Wu et al., 

2021). However, DAF-16/FOXO is not required for the lifespan extension of eat-2(ad1116) 

mutant worms, a genetic way to mimic dietary restriction (Lakowski & Hekimi, 1998; Greer et al., 

2009). This suggests that different methods of dietary restriction may have independent genetic 

mechanisms that contribute to the extension of lifespan (Greer et al., 2009).  

During development, GSCs are particularly sensitive to dietary restriction. Dietary 

restriction has been shown to reduce the number of GSCs, and TOR-S6K signaling plays a critical 

role in the nutrient-responsive regulation of germline progenitors (Korta et al., 2012). In addition, 

we have previously reported that dietary restriction mediates a delay in mitotic duration, although 

the underlying mechanisms remain largely unknown (Gerhold et al., 2015).  

1.2. The Cell Cycle 

The cell cycle is a series of events that result in the duplication of a cell’s DNA and the 

segregation of the copies into two genetically identical daughter cells (Alberts et al., 2002). The 

cell cycle consists of four phases: G1, S, G2, and M. G1, S, and G2 phase constitute interphase, 

which is when the cell duplicates its DNA and grows in size to prepare for division during M phase. 

Cell cycle progression is tightly regulated to ensure successful cell division. To ensure the 



Page 15 of 79 
 

appropriate cell growth and correct duplication and transmission of genetic information, cells have 

developed cell cycle checkpoints as surveillance mechanisms (Barnum & O’Connell. 2014). The 

G1/S cell cycle checkpoint prevents cell passage from the G1 phase into S phase in response to 

errors in cell size and/or DNA integrity. If cells do not satisfy this checkpoint, they may enter a 

resting state called G0, and they may re-enter the G1 phase once errors are fixed. During S phase, 

the cell undergoes DNA synthesis to replicate its genetic contents. As a cell progresses to the G2 

phase, it grows rapidly and produces proteins necessary for mitosis. Before entering mitosis, the 

G2/M checkpoint helps maintain genomic stability by checking for and repairing DNA damage 

and/or incomplete DNA replication (Stark & Taylor, 2004).  

1.2.1. Mitosis 

After the G2 checkpoint is satisfied, the cell enters mitosis by which the nuclear and 

cytoplasmic contents are segregated into two daughter cells. During prophase, chromatin 

condenses into chromosomes, with pairs of replicated sister chromatids joined at the centromere 

(Rehman et al., 2022). Centrosomes, the microtubule organizing centers for the mitotic spindle, 

migrate to the opposite sides of the nucleus. After nuclear envelope breakdown, in prometaphase, 

microtubules grow from the centrosomes and bind to the sister chromatids via a large protein 

complex called the kinetochore that assembles at the centromere. Prometaphase ends when sister 

chromatids are aligned at the middle of the cell, which marks the start of metaphase (Malumbres, 

2014). Before cells can proceed from metaphase into anaphase, a surveillance mechanism called 

the Spindle Assembly Checkpoint (SAC) ensures mitotic fidelity by preventing anaphase onset in 

the presence of improper kinetochore-microtubule attachments (Lara-Gonzalez, 2012). Once the 

SAC is satisfied, SAC inactivation leads to the cleavage of cohesin to allow for the separation of 

sister chromatids, and the single chromatids are dragged apart by the mitotic spindle in anaphase 
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(Silva et al., 2018). After the partitioning of the nuclear contents, the cell is physically divided into 

two daughter cells during cytokinesis. 

1.2.2. Mitotic Fidelity 

 Mitotic fidelity refers to the ability of cells to divide their genetic material and ensure that 

each daughter cell receives a complete and identical set of genetic material. The process of mitosis 

involves a series of tightly regulated events, including chromosome condensation, spindle 

formation, and chromosome segregation. Failure to correctly execute any of these steps can result 

in chromosomal abnormalities, such as aneuploidy, which can lead to cell death, genetic disorders, 

and cancer (Santaguida & Amon, 2015). One of the key factors that contributes to mitotic fidelity 

is the SAC. Unattached kinetochores promote the assembly of the mitotic checkpoint complex 

(MCC), which consists of four proteins Mad2, BubR1, Bub3, and Cdc20 (Sudakin et al., 2001). 

Active MCC mediates the inhibition of the anaphase-promoting complex/cyclosome (APC/C) to 

stop the degradation of cyclin B and securin, which prevents cells from entering anaphase (Moyel 

et al, 2014; Henriques et al, 2019; Nasmyth, 2000), thus resulting in prolonged mitotic duration. 

If the SAC is impaired, cells may enter anaphase prematurely, resulting in chromosome 

missegregation (Meraldi et al., 2004).  

SAC signaling is highly conserved in many organisms. In C. elegans, SAC signaling is 

functionally and structurally conserved, and many studies have reported that disrupting spindle 

assembly and/or microtubule dynamics activates the SAC and leads to the extension of mitotic 

duration in C. elegans embryos, as in other organisms (Kitagawa, 2009. Encalada et al., 2005). 

Previous work in our lab also showed that the SAC is important for normal mitotic timing in GSCs. 

Specifically, targeted RNAi depletion of core SAC components including Mad1, Mad2, and Mad3 
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led to a marked reduction in the duration of mitosis in GSCs even in the absence of spindle 

perturbations (Gerhold et al., 2015).  

1.3. Cell Signaling 

C. elegans GSCs display common features with other stem cell systems that interpret and 

respond to physiological changes through highly conserved signaling mechanisms (Figure 1B). To 

survive in response to changes in the environment, cells need to translate extracellular signals into 

specific cellular responses (Torres, 2006). One of the most extensively studied signaling pathways 

is the insulin pathway. In humans, elevated levels of blood glucose can prompt insulin to engage 

with the insulin receptor tyrosine kinase located on the cell surface, triggering a signaling cascade 

that ultimately targets the Forkhead transcription factor FoxO to regulate a variety of cellular and 

biological functions (Kramer, 2016; Lee & Dong, 2017). This pathway is highly conserved in C. 

elegans where insulin/IGF-1 signaling regulates lifespan and cell proliferation (Meyts, 2016). In 

addition to insulin/IGF-1 signaling, many other signaling pathways are functionally and 

genetically conserved in C. elegans including the Notch signaling, MAPK pathway, TGF-β 

signaling, etc. (Fabian et al., 2021).  

1.3.1. Insulin/IGF-1 signaling 

In C. elegans, the Insulin/IGF-1-like signaling (IIS) pathway starts at the receptor DAF-2, 

which is a homolog of the human insulin receptor. DAF-2 is regulated by the binding of insulin-

like peptide ligands. DAF-2 controls the activity of the PI3K/AGE-1 kinase cascade, which 

catalyzes the conversion of PIP2 to PIP3, which then activates the serine/threonine kinases PDK-

1, AKT-1, and AKT-2 (Murphy, 2013). As a result, the phosphorylated DAF-16/FOXO 

transcription factor is sequestered in the cytoplasm and its translocation to the nucleus is inhibited 

(Zečić & Braeckman, 2020). The DAF-18/PTEN lipid phosphatase acts as an inhibitor of IIS, 
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which functions between AGE-1 and AKT-1, 2 to reduce signaling by dephosphorylation of PIP3 

(Ogg & Ruvkun, 1998). 

In C. elegans, the IIS pathway regulates longevity and aging. daf-2 mutants have a lifespan 

that is twice as long as wild-type worms (Kenyon et al., 1993). The strong age-1/PI3K alleles mg44 

and m333 exhibit developmental delays and a longer lifespan than wild-type worms (Ayyadevara, 

2009). In addition to the regulation of longevity and aging, the IIS pathway is also known to 

promote germline proliferation. The IIS pathway is required for the accumulation of germ cells 

during larval development and when DAF-2 activity is partially compromised using the 

conditional daf-2(e1370) allele, adults have fewer germ cells in the distal mitotic zone compared 

to the wild-type worms (Michaelson, 2014). Our lab has also shown that the IIS pathway affects 

GSC mitosis. Partial inhibition of daf-2, by either mutant allele or RNAi, extends the duration of 

mitosis, and this regulation is dependent on daf-18 and daf-16 (E. Cheng, unpublished). 

1.3.2. Notch signaling 

The Notch signaling pathway is another highly conserved cell signaling system. Two notch 

genes in C. elegans, lin-12 and glp-1, encode for the notch transmembrane receptors and are best 

known for their role in mediating cell fate decisions (Artavanis-Tsakonas et al., 1999). The DSL 

proteins are the ligands of the Notch receptor. In C. elegans, the lag-2 gene, which encodes the 

DSL protein LAG-2, is expressed in the DTC and drives the activation of Notch signaling via 

DTC/germline interaction (Henderson et al., 1994). The interaction between the LAG-2 protein 

and GLP-1/Notch receptor results in the translocation of GLP-1/Notch intracellular domain (NICD) 

from the cell membrane to the nucleus to regulate the expression of the genes lst-1 and sygl-1, 

which promote GSC mitotic proliferation (Kershner et al., 2014). In addition, the expression of 

fbf-1 represses the meiosis-promoting gene gld-1, and the expression of fbf-2 represses the meiosis-
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promoting gene gld-2. (Kimble & Crittenden, 2007). GLP-1/Notch signaling is thought to 

primarily regulate GSCs by regulating the mitosis-meiosis decision, an effect that is distinct from 

cell cycle progression or checkpoint regulation (Hubbard & Schedl, 2019). The extent to which 

the GLP-1/Notch signaling pathway regulates GSC mitotic progression remains largely unknown. 

1.3.3. Transforming Growth Factor-β  

Transforming Growth Factor-β (TGF-β) signaling pathways are required for development 

and homeostasis in many animals (Savage-Dunn & Padgett, 2017). In C. elegans, five genes 

encoding TGF-β-related proteins have been identified:  dbl-1, daf-7, unc-129, tig-2, and tig-3. 

Among these, dbl-1 and daf-7 act as ligands for two serine/threonine kinase transmembrane 

receptors, type-1 receptor SMA-6 and type II receptor DAF-4, and regulate different aspects of 

animal development (Gumienny, 2013; Savage-Dunn & Padgett, 2017). DBL-1 is a bone 

morphogenetic protein (BMP) homolog in C. elegans which targets the type-I receptor SMA-6, 

type-II receptor DAF-4, and the Smads (R-Smads SMA-2, SMA-3, and Co-Smad SMA-4) and 

controls body size, male tail development, and innate immune responses (Krishna et al., 1999; 

Savage-Dunn et al., 2000). 

A second TGF-β pathway, the DAF-7 pathway, is known to regulate dauer development. 

The DAF-7 pathway does not require the type-I receptor SMA-6. Instead, the ligand DAF-7 targets 

the type-II receptor DAF-4 and type-I receptor DAF-1, which then phosphorylate the R-Smads 

DAF-8, and DAF-14 (Gumienny, 2013). The upstream R-Smads antagonize the Sno/Ski 

transcriptional co-factor, DAF-5, which binds to the Co-Smad DAF-3 (da Graca et al., 2004). 

Mutation in daf-7 results in a temperature-sensitive dauer phenotype and this phenotype can be 

rescued by mutations in daf-3 and daf-5 (Patterson et al., 1997; da Graca, 2004).  
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In addition to dauer regulation, recent studies have shown that the DAF-7/TGF- β pathway 

acts in the GSC niche to control germline development. RNAi depletion or mutation of daf-7, daf-

1, and daf-4 resulted in a reduced number of GSCs and a reduced brood size. RNAi depletion of 

daf-3 and daf-5 in the daf-7 or daf-1 mutant background suppressed the reduced GSC phenotype 

(Dalfó et al., 2012). The TGF-β receptor and its downstream components act in the DTC to 

promote lag-2 expression, suggesting that DAF-7/TGF-β signaling may regulate germline 

development by modulating Notch activity (Dalfó et al., 2012; Pekar et al., 2017).  

1.3.4. The Target of Rapamycin 

The Target of Rapamycin (TOR) is critical for development, reproduction, and aging and 

has been studied extensively in yeast and mammalian cells. Studies have identified two core TOR-

binding proteins: Raptor and Rictor, and the interaction of TOR and these TOR-binding proteins 

forms two functionally different TOR complexes: TORC1 and TORC2 (Blackwell et al., 2019). 

C. elegans has a highly conserved TOR signaling system, and the knockdown of TOR ortholog, 

let-363, by either RNAi depletion or mutation causes developmental arrest in the L3 stage (Long 

et al., 2002). LET-363/TOR and DAF-15/Raptor together with other proteins form TORC1, which 

directly phosphorylates the downstream target ribosomal protein S6 kinase (S6K), encoded by 

rsks-1 in C. elegans (Korta et al., 2012; Pan et al., 2007). Core components of TORC2 include the 

conserved protein RICT-1/Rictor, TOR, and other proteins. Unlike TORC1, the upstream inputs 

and downstream targets of TORC2 are not well-understood. Genetic studies have identified several 

possible downstream targets of TORC2 including SGK-1, SKN-1, DAF-16, and DAF-7 

(Blackwell et al., 2019). 

 Many studies have shown that the TOR pathway is linked to aging. Inhibition of the TOR 

pathway by RNAi knockdown of let-363 or daf-15 extends the C. elegans life span (Johnson et al., 
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2013; Vellai et al., 2003). In addition, dietary restriction induced lifespan extension is mediated by 

reduced TORC1 activity (Heintz et al., 2016). TOR signaling also plays an important role in 

germline development. The loss of rsks-1 results in ~50% reduction in the number of GSCs, which 

can be rescued by expressing rsks-1 in the germ line only, suggesting that rsks-1 acts germline-

autonomously to maintain GSCs (Korta et al., 2014; Roy et al., 2018). In addition, germline defects 

caused by dietary restriction are similar to those seen in rsks-1 mutants, and the loss of rsks-1 

results in the germ line being insensitive to dietary restriction, suggesting that TOR-S6K 

signaling pathway is a key nutrient-responsive regulator of germline progenitors (Korta et al., 

2014). 

1.3.5. RAS/MAPK 

The RAS/MAPK signaling pathway plays a central role in controlling various cellular 

processes, such as proliferation, differentiation, cell cycle regulation, and apoptosis. It is 

particularly of interest to many researchers because of its role in tumor formation and growth (Guo 

et al., 2020). C. elegans RAS/MAPK signaling pathway starts at the Receptor Tyrosine Kinase 

(RTK), LET-23 (EGFR) or EGL-15 (FGFR). Upon growth factor binding, the RTK activates the 

small GTPase LET-60/Ras.  Activated LET-60 then binds to LIN-45/Raf and promotes activity of 

the MAPK cascade with help from a scaffold protein KSR. The MAPK cascade consists of LIN-

45, which phosphorylates MEK-2, and MEK-2 then phosphorylates MPK-1 (Sundaram, 2006). 

The RAS/MAPK signaling pathway plays an important role in several developmental 

processes in C. elegans. The let-60 gene is essential for vulva development, the loss of let-60 

results in a vulvaless phenotype; whereas let-60 gain of function mutations lead to multivulva 

development (Beitel et al., 1990; Han et al., 1990). In the germ line, a loss of function temperature 

sensitive mpk-1 mutant allele, mpk-1(ga111), has a strong pachytene arrest phenotype at the 
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restrictive temperature that results in complete sterility as germ cells cannot progress through the 

meiotic cell cycle (Lee et al., 2007). In addition, in adults, the mpk-1 null mutant also has reduced 

GSC proliferation (Narbonne et al., 2017). However, this regulation of GSC proliferation is 

mediated non-autonomously by the soma-specific MPK-1A isoform, while the germline-specific 

isoform MPK-1B promotes germ cell differentiation (Robinson-Thiewes et al., 2020). 

1.3.6. Wnt and Hippo Signaling Pathways 

The canonical Wnt pathway controls the expression of target genes through β-catenin. The 

binding of Wnt to the receptor causes inhibition of β-catenin degradation, which then interacts 

with transcription factors to induce cell fate specification during C. elegans embryonic 

development by regulating cell polarity (Sawa & Korswagen, 2013; Korswagen et al., 2002; 

Thorpe et al., 2000). The Wnt/β-catenin pathway also controls mitotic spindle orientation in C. 

elegans embryos (Schlesinger et al., 1999; Walston et al., 2004). In Drosophila, the canonical Wnt 

signaling has been shown to promote germ cell differentiation (Wang et al., 2015). However, if 

the signaling pathway also affects the C. elegans GSC proliferation or differentiation is largely 

unknown.  

The Hippo pathway was first discovered in Drosophila in studies to understand the 

regulation of organ size. The core components of the Hippo pathway, Hippo and Warts, are protein 

kinases that limit the function of the transcriptional coactivator Yes-associated protein (Yap) to 

control tissue growth (Li et al., 2019). In multiple studies, Yap has been shown to associate with 

transcription factors to control cell proliferation and apoptosis (Harvey et al., 2003; Jin et al., 2020). 

In C. elegans, the yap-1 gene encodes for YAP homolog YAP-1 which is regulated by Warts 

homolog (WTS-1) encoded by wts-1 (Yang & Hata, 2013). Studies in mammals and Drosophila 

have shown that there is an interaction between the Hippo pathway and Wnt/ β-catenin through 
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the Hippo pathway mediator (Lee et al., 2018; Li et al., 2019; Varelas et al., 2010). However, very 

little is known about the function of the Hippo pathway in C. elegans, and the interaction between 

Hippo and Wnt signaling in C. elegans has not been investigated. 

In summary, multiple studies have demonstrated that cell cycle progression in C. elegans 

GSCs can be modulated by various external physiological cues, such as temperature, nutrition, and 

oxidative stress, as well as by intracellular signaling pathways, such as the insulin/IGF-1 signaling 

pathway. However, whether these factors influence mitotic process specifically, or have an impact 

on mitotic fidelity, remains largely unknown, particularly in the context of a living organism. The 

C. elegans germline provides an ideal model system for investigating mitosis in vivo due to its 

highly conserved genetics and transparent nature. By utilizing RNAi and genetic alleles, my 

primary objective was to identify the specific signaling pathways that impact GSC mitosis and to 

start to elucidate the underlying mechanisms involved. Additionally, I undertook to explore the 

mechanism by which dietary restriction affects GSC mitosis. Overall, I hope that this study will 

provide a deeper understanding of the relationship between changes in animal physiology and 

alterations in signaling pathways and/or environmental factors that impact the mitotic process. 

Hopefully, the findings of this study may have implications beyond the context of C. elegans and 

may have relevance for other stem cell systems in diverse organisms, particularly humans.   
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2.0. Methodology 

2.1. C. elegans Strains and Culture 

C. elegans strains were maintained at 20°C on nematode growth media (NGM) plates 

seeded with OP50 or HT115 E. coli as the food source according to standard protocols (Brenner, 

S. 1974). Temperature sensitive strains (ts) were grown at the permissive temperature of 15°C. 

Strains used for RNAi screening were ARG50 (ijmSi7 [pJD348/pSW077; mosI_5'mex-

5_GFP::tbb-2; mCherry::his-11; cb-unc-119(+)] I) and ARG45 (ijmSi7 [pJD348/pSW077; 

mosI_5'mex-5_GFP::tbb-2; mCherry::his-11; cb-unc-119(+)] I; [sun-1p::rde-1::sun-1 3'UTR + 

unc-119(+)] II ; rde-1(mkc36) V). Mutant alleles ordered from the Caenorhabditis genetics center 

(CGC) or gifted from other labs were crossed to ARG50 for signaling pathway candidate screening. 

eat-2(ad465) II, daf-16(mu86), and daf-18(nr203) alleles were crossed into UM225 (ojIs1[unc-

119(+) pie-1::GFP::tbb-2] V) strain for analysis of dietary restriction. All strains and alleles used 

in this study are listed in Table 2. 

2.2. Worm Strain Generation 

In order to perform fluorescent imaging, all alleles were crossed to ARG50 to obtain the 

fluorescent proteins (TBB-2::GFP, HIS-11::mCH) which are located on chromosome I MosSCI -

5.32. Male ARG50 was generated by heat shock at 30°C for 6 hours, and ARG50 males were 

crossed to late L4 mutant allele hermaphrodites at a ratio of 3:1. Following 24 hours of mating, 

individual hermaphrodites were carefully transferred onto a fresh OP50 NGM plate. The success 

of mating was confirmed through observation of approximately 50% of males in the F1 generation. 

The F1 generation was anticipated to be heterozygous for both fluorescent proteins (FPs) and the 

mutation under investigation. From this cohort, 5 heterozygous F1s were picked for self-mating. 

The number of F2 progeny picked for phenotype and/or genotype analysis was based on the 



Page 25 of 79 
 

location of the mutation. For example, daf-8(e1393) is located at MosSCI 2.97 on the same 

chromosome as the FPs. The probability of obtaining a homozygous FP and daf-8 mutation in the 

F2 generation was approximately 3.6%. Accordingly, 100 F2 L1s were picked individually onto 

each OP50 plate and were shifted to 25°C to assess for the dauer phenotype, which is an indication 

of homozygous daf-8 mutation. Dauer worms were subsequently recovered at 15°C, and the F3 

generation was screened for homozygous FPs using an upright epi-fluorescence microscope. In 

the case of mutant alleles lacking an observable phenotype, primers listed in Table 3 were 

constructed for the purpose of conducting PCR analysis to validate the efficacy of the cross.  

2.3. RNA Interference 

To introduce RNAi via feeding, RNAi bacteria cultures were grown overnight in LB with 

ampicillin (final concentration 0.1 mg/mL) at 37 °C. Precultures were prepared by adding 20 µL 

of overnight culture to 2 mL of LB with ampicillin and incubating for 4-5 hours at 37 °C or until 

OD600 of ~0.5. 100 µL of preculture was added to 35 mm NGM plates that contain IPTG (0.1mM) 

and Carbenicillin (0.05 mg/ml).  RNAi plates were then incubated at room temperature in the dark 

for 3 days to induce the expression of double-stranded (ds) RNA. Synchronized L1s were added 

to the plates and were imaged at the late L4 stage.  

To introduce RNAi via soaking, a population of adult worms was washed in sterile M9 

solution and bleached for embryo collection. These embryos were subsequently immersed in 

sterile M9 solution and shaken overnight at a temperature of 15°C to acquire synchronized L1s. 

To induce RNAi, a fresh soaking solution was prepared consisting of 4 µg of dsRNA, 2 µL of 

63nM spermidine, 2 µL of 1.1% gelatine, and 12 µL of 1X soaking buffer. The soaking buffer was 

prepared from a 3X stock solution containing 32.7 mM Na2HPO4, 16.5 mM KH2PO4, 6.3 mM 

NaCl, and 14.1 mM NH4Cl. 40 synchronized L1s were added into soaking solution and incubated 
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at 20°C for 24 hours. Subsequently, 40 synchronized L1 worms were added to the soaking solution 

and incubated at a temperature of 20°C for 24 hours. The treated worms were then transferred to 

RNAi feeding plates or HT115 plates and grown for 44-48 hours to image at late L4 stage. 

Plasmid L4440 was used as an empty RNAi vector control. Other RNAi clones used for 

screening were listed in Table 1. All RNAi clones, except for daf-2, were from the Ahringer library 

(Kamath et al., 2003) and were gifted from the Labbé or Roy labs. All RNAi clones were validated 

by sequencing. gld-2 RNAi targets both gld-1 and gld-2, hereafter referred to as gld1/2. 

2.4. Dietary Restriction Protocol 

Dietary restriction was accomplished by two methods. The first method was by dilution of 

bacteria (sDR). A fresh HT115 overnight culture was diluted 1:10 in S basal medium and 150 µL 

of this diluted culture was added to a standard 35 mm NGM plate containing 0.05 mg/mL 

carbenicillin to prevent additional HT115 growth. The undiluted culture was used as the control. 

Three adult worms were washed in M9 buffer and then added to the sDR or control plates for egg 

collection for 2-4 hours. Worms were analyzed at the late L4 stage 72 hours later. For adult 

analyses, an additional 150μL of diluted bacteria was added after 2 days to prevent complete 

starvation. 

The second method of dietary restriction used an eat-2 mutant allele. eat-2(ad465) animals 

were raised on HT115 plates containing 0.05 mg/mL carbenicillin to allow for comparison with 

sDR plates. Worms were synchronized and analyzed following the same protocol as sDR.  

2.5. Worm Mounting and Live Imaging 

Animals were mounted on a 3% agarose pad following the previously reported protocol 

(Gerhold et al., 2015; Zellag et al., 2022). In brief, melted 3% agarose was dropped onto a glass 

slide, followed by the placement of a plastic/silicon groove-molded chip to cover the agarose. 
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Subsequently, the solidified agarose pad was utilized for the mounting of L4 worms, wherein the 

worms were immersed in a freshly prepared solution of 0.04% Tetramizole and then carefully 

placed onto the grooves via a mouth pipette. Finally, a coverslip was added on top, the edges were 

sealed using Valap, and the area under the coverslip was backfilled with the remaining Tetramizole 

to prevent desiccation and to inhibit movement during live imaging. Imaging was carried out on a 

Nikon CSU-X1 spinning disk confocal microscope using an Apo 40×/1.25 numerical aperture (NA) 

water-immersion objective and Nikon Elements software. Images were taken every 30 seconds for 

a total of 40 minutes duration. Each frame consisted of 27 0.75μm optical sections through the 

entire distal gonad. Two-color time-lapse movies (TBB-2::GFP, HIS-11::mCH) were acquired 

with a laser intensity of 3% and 5% respectively, and 80ms exposure time. 

2.6. Image Analysis 

Images were processed and analyzed using ImageJ2. The original .nd2 files (Nikon 

Elements file format) were converted to .tif file format using ImageJ and the movie was corrected 

for worm movement using in-house ImageJ macros. Centrosomes were tracked and paired 

following our reported protocol (Zellag et al., 2021). Briefly, tracking and pairing of centrosomes 

are accomplished using the open-source plug-in Trackmate in Fiji (Schindelin et al., 2012; Tinevez 

et al., 2017). Trackmate facilitates the automatic detection and tracking of each centrosome across 

the entire time course, while also providing the option for manual correction of the tracking. The 

paired centrosome coordinates for every cell are subsequently extracted and exported to MATLAB 

for the generation of inter-centrosome distance versus time graphs (Figure 1C). This graph can be 

further utilized for the quantitative analysis of important mitotic features, such as spindle dynamics 

and mitotic duration. The duration of mitosis was quantified by measuring the time interval 

between the point at which centrosome-to-centrosome distance reached its minimum (CongS) 
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following nuclear envelope breakdown (NEBD) and the onset of anaphase when centrosomes start 

to separate rapidly (CongE).  

The distal mitotic zone was defined as the region from the first cell in the distal tip to the 

transition zone, marked by the occurrence of meiotic cells featuring crescent-shaped nuclei. 

Nuclear counts within the mitotic zone were performed in Imaris software using spot detection. 

First, an ROI was defined to select the entire mitotic zone. Then, the settings for spot detection 

were adjusted to use a sphere point style and to set the radius scale to 3µm, which corresponds to 

the average radius of the GSC nuclei. After spot generation, spots were curated manually to add 

or delete spots as necessary. Total cell count, as found in the statistics tab, was exported to excel. 

Cells with centrosomes appearing at the opposite side of the cell are counted as mitotic cells. The 

mitotic index was calculated as the number of mitotic cells divided by the total nuclear count in 

the mitotic zone. 

2.7. Graphing and Statistical Analysis 

Statistical analysis was performed in Matlab. One-way ANOVA or Kruskal Wallis test was 

performed for multiple comparisons.  For all statistical tests, *p ≤ 0.05, **p ≤ 0.01, p*** ≤ 0.001, 

and n.s., p > 0.05. Most graphs were generated in Matlab.  
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Figure 1 

 

 

  

(A) A schematic image of the C. elegans and the distal tip of the germline. Reproduced from 
(Gerhold et al., 2015) with permission. 

(B) A schematic image of the cell signaling pathways analyzed in this study and their known 
interactions. 

(C) A schematic image of mitotic progression and a sample image of the inter-centrosome 
distance versus time graphs generated in MATLAB. NEBD is when spindle length rapidly 
decreases, CongS is when spindle length reached a constant minimum following NEBD, and 
CongE is when spindle length rapidly increases, marks the onset of anaphase. 
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3.0. Results 

3.1. Candidate screen by RNA interference 

RNA interference (RNAi) is a widely used technique to elucidate gene function by 

introducing double-stranded RNA (dsRNA) into an organism to silence the targeted endogenous 

gene (De-Souza et al., 2019). In order to generate bacteria that express specific dsRNA, the target 

DNA fragment is cloned into the multiple cloning site in the L4440 vector, flanked by T7 

promoters on either side (Kamath, 2003). RNAi can be delivered to an organism via different 

routes, including feeding, soaking, or injection. In this study, I employed RNAi by soaking and/or 

by feeding to perform a candidate gene screen for mitotic phenotypes (Table 1, Figure 2A). The 

candidate genes that were selected in this study are essential components of signaling pathways 

that regulate cell proliferation. However, it is not well studied whether the knockdown of these 

genes has an impact on the progression of mitosis.  To ensure the specificity of RNAi, all RNAi 

sequences were validated by PCR amplification, followed by gel electrophoresis and sequencing.  

  Because time-lapse live imaging and analysis can be time-consuming, I first sought to 

identify signaling pathways that are most likely to affect mitosis using single time-point analysis 

to look for mitotic phenotypes, including the number of mitotic cells in the mitotic zone, mitotic 

index, and nuclear and/or spindle defects that might indicate mitotic defects. I performed whole-

worm RNAi depletion on worms that carry our preferred GSC fluorescent markers: TBB-2::GFP 

and HIS-11::mCH, to mark mitotic spindles and germ cell nuclei, respectively. My results showed 

that RNAi-mediated whole worm depletion of cyclin-dependent kinase 1 (cdk-1) and the Notch 

receptor glp-1 led to abnormal germline development and, in some animals, a complete loss of the 

germ line. In addition, depletion of the meiosis-promoting genes gld-1 and gld-2 resulted in an 

enlarged germline, and in some worms, tumorous growth was observed (Figure 2B). Conversely, 
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RNAi depletion of other candidate genes did not result in any noticeable phenotypic changes in 

the worms.  

To evaluate the effect of RNAi on GSCs specifically, I quantified the number of mitotic 

cells and the total number of cells in the germ line mitotic zone to calculate the mitotic index. My 

data showed that gld-1/2 RNAi led to a significant increase in the number of germ cells in the 

mitotic zone, but the mitotic index did not increase (Figure 2C, D). Unexpectedly, RNAi depletion 

of the RPTOR ortholog daf-15 led to an apparent, although not statistically significant, increase in 

the mitotic index (Figure 2D). Daf-15 RNAi should impair TOR pathway activity and would be 

expected to reduce cell proliferation (Qi et al., 2017). 

To distinguish between cell-autonomous and non-autonomous effects, I also performed 

germline-specific RNAi depletions.  In C. elegans, rde-1 encodes for the Argonaute protein, which 

performs the crucial role of ensuring RNAi efficiency in a cell-autonomous manner (Tabara et al., 

1999). We used a C. elegans strain that carries an indel mutation in rde-1 and a rde-1 transgene 

driven by the sun-1 germline-specific promoter to allow for germline-specific RNAi (Zou et al., 

2019), and which also expresses TBB-2::GFP and HIS-11::mCH in the germline. My data showed 

that the depletion of candidate genes via germline-specific RNAi had analogous outcomes to those 

attained via whole-worm RNAi depletion (Supplemental Figure S1). The depletion of germline 

cdk-1 and glp-1 RNAi led to significant mitotic phenotypes, suggesting that cdk-1 and glp-1 

regulate germ cell proliferation in a germline-autonomous manner. Conversely, the lack of notable 

phenotypic consequences for other candidate genes following germline-specific RNAi depletion 

may imply a more restricted role in germline cell physiology. 

While some of my RNAi treatments produced the expected phenotype (e.g., glp-1), other 

results did not match my expectations. Previous studies have reported that the S6 kinase rsks-1 
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acts germline-autonomously to expand the GSC pool, and loss of rsks-1 results in a ~50% 

reduction in the size of the mitotic zone (Korta et al., 2012). RNAi against the mitogen-activated 

protein kinase mpk-1 leads to a vulvaless phenotype (Okuyama et al., 2010). Additionally, loss of 

mpk-1 leads to sterility due to pachytene arrest (Lee et al., 2007; Yoon et al., 2017). However, 

none of these phenotypes were observed in our RNAi experiment. Consequently, it remains 

unclear whether the lack of phenotype following RNAi depletion of the target genes was due to 

low RNAi efficiency or whether the depletion of the target genes alone is not sufficient to induce 

changes in GSC mitosis. Therefore, I decided to use C. elegans alleles to further examine whether 

loss or reduction-of-function of candidate genes results in GSC mitosis phenotypes. This approach 

will allow me to validate the RNAi results and gain a deeper understanding of the genes involved 

in GSC mitosis. 
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Figure 2: Candidate signaling pathways screen by RNAi 

  

(A) A schematic outline of the RNAi feeding and soaking protocol.  
(B) Maximum intensity projections of representative germ lines following L4440, cdk-1, glp-
1, and gld-2 whole worm RNAi. Germ cell nuclei (HIS-11::mCH; orange) and 
microtubules/spindles (TBB-2::GFP; white) were visualized using the strain ARG50. Scale bar 
= 10µm 
(C) Beeswarm plot showing the total number of cells in the mitotic zone per gonad of worms 
following RNAi treatment. Control = ARG50 following L4440 RNAi. 
(D) Beeswarm plot showing the mitotic index of the germline mitotic zone in worms 
following RNAi treatment. The mitotic index was calculated as the number of mitotic cells 
divided by the total number of cells in the mitotic zone. Control = ARG50 following L4440 
RNAi. 
For (C) and (D), each dot represents data for one germ line. Black bars represent the mean 
and error bars represent the standard deviation. Data were compared using a one-way 
ANOVA (**: p ≤ 0.01) 
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3.2. Candidate screen using C. elegans mutant alleles 

Temperature-sensitive mutations facilitate detailed analysis of gene function by allowing 

for a reduction in gene activity with a simple temperature shift during the course of cell division 

or development (Varadarajan et al., 1996). For example, a temperature-sensitive allele of the TGF-

β ligand daf-7(e1372) at 15°C behaves comparably to the wild type allele. Shifting daf-7(e1372) 

worms from the permissive temperature (15°C) to the restrictive temperature (25°C) results in 100% 

dauer formation. Whereas shifting the animals from 15°C to the semi-permissive temperature 

(20°C) instead leads to worms with smaller body size and a smaller pool of GSCs (Dalfó et al., 

2012). The semi-permissive temperature thus serves as a critical tool for studying gene function 

by allowing the study of gene function at a reduced level rather than complete knockdown. This is 

particularly advantageous when examining genes that are essential for cell survival or development. 

To determine whether reducing the activity of candidate genes affected GSC mitosis, I 

selected core components of each signaling pathway and obtained C. elegans mutant alleles from 

either the CGC or other laboratories (Table 2). For fluorescent microscopy, all strains, except 

JK2879, were crossed with our control strain ARG50, which harbors the fluorescent markers TBB-

2::GFP and HIS-11::mCH for the visualization of mitotic centrosomes and chromosomes, 

respectively. Each of these strains was then used for live-cell imaging of GSC mitosis to look for 

differences in mitotic timing and/or mitotic defects, and to determine the number of mitotic cells 

per germ line as a proxy for the mitotic index. 

My findings indicate that GSCs in animals bearing a loss-of-function allele of daf-7 (daf-

7(e1037) exhibit a longer duration of mitosis compared to wild type (Figure 3A). Furthermore, 

daf-7(e1037) animals have fewer mitotic cells per gonad (Figure 3B), supporting the previously 

reported finding that DAF-7/TGF-β signaling plays a role in regulating the GSC mitosis/meiosis 
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decision (Dalfó et al., 2012). Interestingly, GSCs in animals bearing a loss-of-function allele of 

glp-1 (glp-1(e4037)) also showed longer durations of mitosis. This finding contradicts previous 

reports showing that glp-1 works in the Notch signaling pathway to regulate the mitosis-meiosis 

decision, but not cell proliferation/cell cycle progression (Hubbard & Schedl, 2019). A gld-1(q485) 

and gld-2(q497) double mutant did not exhibit a significantly different duration of mitosis from 

that of the wildtype (Figure 3C). 

In addition, GSCs in animals bearing a gain-of-function allele of the RAS let-60 (let-

60(n1046)) had longer durations of mitosis, while GSCs in animals bearing a second gain-of-

function allele of let-60 (let-60(ga89)) exhibited a normal mitotic duration at the semi-permissive 

temperature (Figure 3A). To investigate whether the different results between let-60(n1046) and 

let-60(ga89) were due to the nature of the mutant allele or to differences in the level of gene 

reduction, I imaged GSCs in let-60(ga89) worms grown at the fully restrictive temperature of 25°C. 

GSCs in these worms exhibited significantly longer mitotic durations compared to cells in wild 

type animals grown at either 20°C or 25°C, suggesting that hyperactivation of LET-60/RAS delays 

mitosis generally. However, a loss-of-function allele of mpk-1(ga111), which should disrupt 

Ras/MAPK signaling downstream of LET-60 did not affect GSC mitotic duration (Figure 3A, D). 

rsks-1(ok1255) mutants displayed a reduction in the size of the mitotic zone that aligns with the 

observations in prior studies (Data not shown) (Korta et al., 2012). However, GSC mitotic duration 

was not significantly different from that of wildtype. All other alleles examined in this study did 

not exhibit any obvious mitotic phenotypes in the GSCs. 

Altogether, I have found that the knockdown or reduction of several candidate genes affects 

GSC mitosis, while others have little to no effect. Specifically, the DAF-7/TGF-β and Notch 

signaling pathways have a strong and consistent effect on GSC mitosis. Moreover, I observed that 
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let-60/RAS signaling is important for proper mitotic progression in GSCs, and this may or may 

not involve the known downstream effector MPK-1. 

  



Page 37 of 79 
 

Figure 3: Candidate signaling pathways screen using mutant allele 

  

(A) Beeswarm plot of showing GSC mitotic duration in minutes in C. elegans animals 
bearing the indicated mutant alleles. Control = ARG50 (n = 56(8), 19(5), 54(12),42(5), 32(6), 
52(8), 57(6), 67(12), GSCs (germ lines), respectively). Each dot represents a single cell. 

(B) Beeswarm plot showing the number of cells per germ line that completed mitosis during 
the 40-minute live-cell imaging acquisition period. Control = ARG50. (n = 6, 7, 9, 10, 8, 8, 6, 
14). Each dot represents one germ line. 

(C) Beeswarm plot showing GSC mitotic duration in minutes in gld-1 & gld-2 double mutant 
animals as compared to the control strain UM225. (n = 110(15), 94(12), GSCs (germ lines), 
respectively). Each dot represents a single cell. 

(D) Beeswarm plot showing GSC mitotic duration in minutes in let-60 mutant alleles. 20°C 
data are reproduced from (A). (n = 56(8), 32(6), 52(8), 25(4), 26(6), GSCs (germ lines), 
respectively). Each dot represents a single cell. 

In all plots, black bars represent the mean and error bars represent the standard deviation. 
Data were compared using a one-way ANOVA (**: p ≤ 0.01; ***: p ≤ 0.001) 
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3.3. DAF-7/TGF-β signaling regulates mitotic timing in GSCs dependent on daf-3 and 

daf-5 

The DAF-7/TGF-β signaling pathway is known to play a role in the regulation of GSC 

proliferation during germline development in C. elegans. Specifically, the downregulation of 

DAF-7/TGF-β signaling has been associated with a reduced proliferation zone, an observation that 

can be rescued by reducing the activity of the downstream targets co-Smad daf-3 and Ski 

oncoprotein homolog daf-5 through RNAi (Dalfó et al., 2012). Accordingly, I sought to investigate 

the role of daf-3 and daf-5 in GSC mitotic regulation in the context of the DAF-7/TGF-β signaling 

pathway. My data showed that reduced daf-3 and daf-5 activity did not have a significant effect 

on GSC mitosis in wild-type worms (Figure 4A). However, both daf-3 and daf-5 RNAi in the daf-

7 mutant background suppressed the extension of mitotic duration normally seen in daf-7 mutants 

(Figure 4B), suggesting that daf-3 and daf-5 are required downstream of daf-7 to regulate GSC 

mitosis. In addition, daf-1 RNAi resulted in a similar mitotic delay as observed in daf-7 RNAi and 

daf-7 mutants. However, daf-1 RNAi did not induce further extensions of mitotic duration in the 

daf-7 mutant (Figure 4A, B), suggesting that daf-1 acts in the same pathway as daf-7 to promote 

GSC mitotic progression. Taken together, these results suggest that DAF-7/TGF-β signaling plays 

a role in the regulation of GSC mitosis in C. elegans, and this pathway may act through 

downstream targets daf-3 and daf-5.  

Previous reports demonstrated that the DAF-7/TGF-β pathway acts in the DTC to promote 

the expression of lag-2, which encodes the ligand of the GLP-1/Notch signaling receptor (Dalfó 

et al., 2012; Pekar et al., 2017). Based on this evidence, it was proposed that normal TGF-β 

signaling activates GLP/Notch signaling, which subsequently inhibits the expression of gld1/2 to 

regulate the mitosis-meiosis decision in GSCs. In daf-7 mutants, decreased TGF-β levels are 
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expected to enhance the expression of gld1/2. As GSCs in glp-1(e4037)) mutants also showed 

longer durations of mitosis (Figure 3A), it is possible that Notch signaling also acts downstream 

of DAF-7/TGF-β to govern mitosis in GSCs. If so, depletion of gld-1/2 by RNAi should restore 

the duration of mitosis in daf-7 mutants. However, contrary to this prediction, RNAi depletion of 

gld-1/2 in daf-7(e1372) mutants did not rescue the duration of GSC mitosis (Figure 4C). Although 

the sample size is small and the data is preliminary, these findings suggest that Notch signaling 

may not be required for the regulation of GSC mitosis by TGF-β. 
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 Figure 4: daf-3 and daf-5 RNAi rescue mitotic duration of daf-7 mutant 

     

(A) Beeswarm plot of showing GSC mitotic duration in minutes in ARG50 worms following 
RNAi treatment. (n = 40(4), 43(8), 48(6), 38(5), 140(12), GSCs (germ lines), respectively). 
Each dot represents a single cell. 

(B) Beeswarm plot of showing mitotic duration in minutes in ARG75 daf-7(e1372) worms 
following RNAi treatment. n = 53(12), 14(4), 35(11), 37(5), 10(4), GSCs (germ lines), 
respectively. Each dot represents a single cell. 

In all plots, black bars represent the mean and error bars represent the standard deviation. 
Data were compared using a one-way ANOVA (*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001). 

*** ** B 
* 

A 
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3.4. Dietary restriction delays mitotic progression in GSCs and this delay is independent 

of DAF-16/FOXO 

My results so far indicate that several major signaling pathways may play a previously 

unappreciated role in regulating mitotic duration in GSCs. Many of these signaling pathways serve 

to link cell behavior with environmental changes. We have shown previously that changing food 

availability or dietary intake, and thereby producing a state of dietary restriction, also extends 

mitotic duration in GSCs (Gerhold et al., 2015). However, whether this effect involves cell 

signaling pathways is not known. Therefore, another goal of my project was to determine how 

dietary restriction regulates GSC mitosis by investigating the role of the insulin pathway, a crucial 

signaling pathway that mediates nutrient-dependent growth and development (Murphy & Hu, 

2013).  

In C. elegans, dietary restriction can be induced by either reducing the concentration of 

bacteria to curtail food availability (sDR) or by using eat-2 mutant worms with reduced pharyngeal 

pumping to decrease food intake (Greer et al., 2007; Korta et al., 2012). Under both conditions, 

GSCs exhibited significantly longer mitotic durations in comparison to those that were fed ad 

libitum (Figure 5A, B). Specifically, the average congression duration under sDR or in an eat-2 

mutant background was 8.91+/- 5.3 and 8.24 +/- 3.42 minutes, respectively, as compared to the 

relevant controls (5.03 +/- 1.41 and 5.65 +/- 1.84 minutes, respectively). My findings align with 

previously reported data, indicating that dietary restriction leads to a delay in GSC mitotic 

progression (Gerhold et al., 2015).  

Previous studies conducted in our lab have demonstrated that reduced insulin/IGF-1 

signaling, using a temperature-sensitive allele of daf-2 (daf-2(e1370)) at the semi-permissive 

temperature, significantly prolongs mitotic duration in GSCs. This delay was rescued by null 
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mutations in the downstream negative regulators of the pathway, daf-16(mu86) and daf-

18(nr2037), in the daf-2 mutant background. Furthermore, daf-2 delays in mitosis were also 

rescued by a gain-of-function mutation in akt-1(mg144). These findings suggest that the canonical 

insulin pathway regulates mitotic progression in GSCs (E. Cheng, unpublished). 

Given that reduced insulin/IGF-1 signaling yields a similar delay in GSC mitosis to that 

observed upon dietary restriction, I hypothesized that mitotic delays upon dietary restriction may 

be dependent on the insulin/IGF-1 signaling pathway. Specifically, the knockdown of daf-16 and 

daf-18 should rescue mitotic duration under dietary restriction. To test this hypothesis, I subjected 

daf-16(mu86) and daf-18(nr2037) worms to sDR and used strains bearing eat-2(ad465) and either 

daf-16(mu86) or daf-18(nr2037) mutations to investigate whether they could rescue the duration 

of mitosis under both modes of dietary restriction. I found that GSCs in daf-16 and daf-18 mutants 

fed ad libitum had normal mitotic timing (Figure 5A). Interestingly, dietary restriction still led to 

GSC mitotic delays in daf-16 mutants, suggesting that daf-16 is not responsible for these delays. 

Conversely, GSCs in daf-18 mutants subjected to dietary restriction showed an average mitotic 

duration similar to controls and to daf-18 mutants fed ad libitum, indicating that knocking out daf-

18 fully rescues the mitotic delays caused by dietary restriction (Figure 5A). sDR treatment also 

led to a reduced number of mitotic cells, indicative of an overall slowing of the GSC cell cycle, 

and this phenotype was also rescued by mutation of daf-18 but not daf-16 (Figure 5C). Similarly, 

GSCs in eat-2, daf-16 double mutants exhibited a longer mitotic duration compared to controls, 

whereas delays were rescued in the eat-2, daf-18 double mutant (Figure 5B).  

These results demonstrate that GSC mitotic delays following dietary restriction may be 

dependent on the insulin/IGF-1 signaling pathway, but that they involve daf-18 specifically, rather 

than both daf-18 and daf-16, as was observed for daf-2-dependent mitotic delays. These 
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observations imply that although signaling pathways and environmental factors may produce 

similar outcomes, their underlying mechanisms could be distinct, and they might operate via 

different downstream targets. 
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Figure 5: Dietary restriction extends mitotic duration in GSCs is dependent on daf-18, but 
not daf-16 

  

  

(A) Beeswarm plots showing mitotic duration in minutes in worms that were either well-fed 
or following sDR treatment. Control = ARG50. (n = 63(8), 54(14), 33(5), 40(11), 26(6), 
56(14), GSCs (germ lines), respectively). Each dot represents a single cell. 

(B) Beeswarm plots showing mitotic duration in minutes in worms that are either well-fed or 
dietary restricted by eat-2 mutation. Control = UM225. (n = 99(16), 41(11), 81(24), 54(12), 
GSCs (germ lines), respectively). Each dot represents a single cell. 

(C) Beeswarm plot showing the number of cells per germ line that completed mitosis during 
the 40-minute live-cell imaging acquisition period. Control = ARG50. (n = 11, 26, 5, 11, 
7,18, respectively). Each dot represents one germ line. 

In all plots, black bars represent the mean and error bars represent the standard deviation. 
Data were compared using a one-way ANOVA (***: p ≤ 0.001) 
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4.0. Discussion 

The goal of my study was to explore the molecular mechanisms that govern GSC mitosis 

and to understand the effects of dietary restriction on this process. Through the use of RNAi and 

C. elegans alleles, I was able to characterize the mitotic index and mitotic duration in GSCs to 

provide insight into how the depletion or reduction of specific genes may affect mitosis. My results 

revealed that the TGF-β and Notch signaling pathways play important roles in GSC mitosis, and 

efforts were made to unravel the molecular mechanisms underlying the impact of TGF-β signaling 

on this process. Furthermore, my study confirmed that dietary restriction affects C. elegans GSC 

mitosis and uncovered the role of insulin/IGF-1 signaling in mediating dietary restriction-induced 

mitotic delay. 

4.1. Candidate screening by RNAi was inconclusive and may be due to inefficient gene 

depletion 

In this study, I employed RNAi by soaking as well as RNAi by feeding to perform a 

candidate screen for mitotic phenotypes in the C. elegans germ line. The results showed that RNAi-

mediated depletion of cdk-1, glp-1, and gld-2 led to abnormal germline development, while 

depletion of other candidate genes did not result in any noticeable phenotypic changes. These 

findings align with the known roles for cdk-1, glp-1, and gld-2 in the germ line. For example, cdk-

1 RNAi injection hinders mitotic and meiotic divisions in both GSCs and the one-cell embryo 

(Boxem et al., 1999). Furthermore, previous studies have indicated that glp-1 is required for GSC 

proliferation, and its loss causes all GSCs to undergo meiosis and to differentiate into sperm 

(Austin & Kimble, 1987). However, the depletion of other candidate genes did not result in any 

phenotypic changes in the worms is unexpected, given that previous studies have reported 

noticeable phenotypic alterations. For instance, Korta et al. (2012) observed that loss of rsks-1 
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gene function leads to a substantial (~50%) reduction in the size of the mitotic zone, while van der 

Voet et al. (2009) demonstrated that RNAi depletion of cyb-1 triggers aneuploidy, and inhibition 

of cyb-1 and cyb-3 induces M phase arrest. Thus, it remains unclear whether the lack of phenotype 

that I observed was due to low RNAi efficiency or whether depletion of the target genes alone was 

insufficient to induce GSC mitosis changes.  

While phenotypic analysis remains the prevailing approach to confirm RNAi knockdown 

in C. elegans, complementary molecular techniques can provide valuable insights into the efficacy 

of RNAi. Among these techniques, RT-PCR has proven to be a reliable and sensitive method to 

assess the degree of RNAi knockdown (Holmes et al, 2010). In this regard, RNAi treated worms 

can be used to isolate total RNA, followed by cDNA synthesis. Subsequently, gene-specific 

primers can be used to amplify the target gene of interest, enabling the detection and quantification 

of its transcript levels via RT-PCR. By providing a direct measurement of the impact of RNAi at 

the molecular level, RT-PCR offers a powerful tool to complement phenotypic observations. Thus, 

to determine whether target gene depletion was achieved using my experimental conditions, RT-

PCR should be used to determine target RNA levels.   

The quality and purity of dsRNA used for RNAi are critical for efficient gene knockdown 

and accurate interpretation of the resulting phenotypic changes. The dsRNAs used in the present 

study underwent sequencing, and BLAST results indicated the accuracy of the sequences. I 

purified the dsRNAs and ran gel electrophoresis to verify the correct sequence size. However, the 

resulting gel exhibited several non-specific bands alongside those of the correct size (Supplemental 

Figure S2). This observation suggests that the purified dsRNAs might have been contaminated or 

degraded, leading to the presence of non-specific bands, and these non-specific bands raise 

concerns about the accuracy and reliability of the RNAi process in this study. Further 
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investigations may be necessary to identify the cause of the non-specific bands and their impact 

on RNAi efficiency and subsequent phenotypic changes. For my study, I decided to use C. elegans 

mutant alleles as an alternative approach to investigate the effect of candidate genes on GSC 

mitosis. 

4.2. Candidate signaling pathway screening using C. elegans alleles identified TGF-β 

and Notch signaling pathway to regulate GSC mitosis 

The use of mutant alleles can provide more definitive evidence of the role of a candidate 

gene in GSC mitosis regulation, as it eliminates concerns about the quality and purity of dsRNA 

and the efficiency of the RNAi process. The results presented in this study using C. elegans mutant 

alleles demonstrate that the knockdown or reduction-of-function of candidate genes affects GSC 

mitosis, providing insight into the complex regulation of germ cell development and the factors 

that influence mitotic progression in GSCs. Specifically, I found that DAF-7/TGF-β and Notch 

signaling pathways play important roles in promoting GSC mitosis. My results indicate that 

reduced TGF-β signaling, as seen in the daf-7(e1037) allele, leads to a longer duration of mitosis 

and fewer mitotic cells per gonad, while reduced Notch signaling, as seen in the glp-1(e4037) 

allele, also results in delayed mitotic progression. My findings are consistent with the observations 

reported by Dalfó et al. (2012), which demonstrated that the daf-7(e1037) exhibits a reduced 

number of GSCs in the mitotic zone, indicating the role of TGF-β signaling in the accumulation 

of GSCs. However, my results suggest that in addition to cell cycle regulation, the TGF-β signaling 

pathway also plays a previously unappreciated role in ensuring normal mitotic duration. 

Moreover, we observed that LET-60/RAS, which is upstream of the MPK-1, is important 

for proper mitotic progression in GSCs. Specifically, gain-of-function alleles of let-60 resulted in 

delayed mitotic progression, suggesting a critical role for this pathway in regulating mitosis. 
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However, I did not observe any mitotic phenotypes in the mpk-1(ga111) loss-of-function allele. 

This could mean that LET-60 affects GSC mitosis by affecting other signaling pathways or cellular 

processes. Alternatively, reducing RAS/MAPK signaling may not be sufficient to generate mitotic 

phenotypes in GSCs. Therefore, further studies are needed to fully understand the molecular 

mechanisms underlying this process and the role of MPK-1 and other downstream targets in this 

regulation. Depletion of mpk-1 by RNAi in the context of let-60(gf) mutants can be performed to 

investigate whether the observed mitotic delay in the let-60(gf) mutants is dependent on the 

presence of mpk-1. let-60 gain of function alleles are expected to elicit a corresponding elevation 

in mpk-1 activity. In this case, if mpk-1 is required for the delay of mitosis, depletion of mpk-1 

through RNAi would be expected to suppress the effects of the let-60 gain of function mutation. 

Overall, my study highlights the value of using temperature-sensitive alleles in C. elegans 

as a tool for investigating gene function and understanding complex biological processes. The 

results presented in this study identify potentially novel regulators of GSC mitosis and pave the 

way for future studies aimed at investigating the molecular mechanisms underlying this regulation. 

4.3. The impact of DAF-7/TGF-β signaling on GSC mitosis is modulated by daf-3 and 

daf-5 

In investigating the mechanism by which reducing TGF-β signaling delays GSC mitosis, I 

have determined that daf-3 and daf-5 are required. Specifically, daf-3 and daf-5 RNAi in the daf-

7 mutant background led to a suppression of the daf-7 extension of mitotic duration. These results 

are in line with previous studies that have implicated the TGF-β signaling pathway in the regulation 

of stem cell proliferation and differentiation (Dalfó et al., 2012). Previous studies showed that this 

pathway regulates cell cycle progression or the mitosis-meiosis decision in GSCs (Dalfó et al., 

2012). My results add a new role for the TGF-β signaling pathway in regulating events that occur 
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during mitosis and determine the duration of mitosis. In order to further investigate the relationship 

between DAF-7/TGF-β signaling and GSC mitosis, future experiments could involve examining 

the expression levels and activity of downstream targets of this pathway in the germline, such as 

daf-3 and daf-5, in the context of wild-type and daf-7 mutant worms. Extended mitotic duration 

may be caused by compromised spindle assembly which activates the SAC. Alternatively, it could 

also be caused by a decrease in the activity of the APC/C and/or an increase in SAC strength. To 

test whether the mitotic delay observed in daf-7(e1372) mutants is dependent on the SAC, removal 

of core checkpoint components via RNAi or by genetic null mutants in a daf-7(e1372) mutant 

background can be performed to determine the SAC dependence. If mitotic delays in daf-7(e1372) 

mutants are SAC dependent, loss of core checkpoint components should fully suppress the delays.  

In addition, it has been reported that TGF-β promotes the expression of lag-2 in the DTC, 

which in turn modulates the activity of the germline GLP-1/Notch receptor to regulate the mitosis-

meiosis decision in GSCs (Pekar et al., 2017). Therefore, it will be worth investigating the potential 

relationship between DAF-7/TGF-β signaling and Notch signaling in regulating GSC mitosis. 

Future experiments could include testing whether mitotic delays in the glp-1(e4037) loss-of-

function and daf-7(e1037) loss-of-function alleles are additive and whether a glp-1(ar202) gain-

of-function allele can suppress delays in daf-7(e1037) loss of function mutants.  Furthermore, these 

alleles could be combined with RNAi to also test whether the mitotic delays exhibit additivity. 

Specifically, such experiments could involve the administration of glp-1 RNAi to daf-7(e1037) 

mutants, or daf-7 RNAi to glp-1(e4037) mutants, to see if the mitotic duration is further extended. 

These experimental manipulations would allow for the examination of whether the TGF-β 

signaling pathway regulation of GSC mitosis is dependent on Notch signaling. 
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4.4. The timing of mitosis is delayed by dietary restriction, and this delay is dependent 

on DAF-18/PTEN, but not DAF-16/FOXO. 

The results of my study are consistent with our prior findings, as reported by Gerhold et al. 

(2015), which revealed that dietary restriction delayed mitotic progression in C. elegans GSCs. 

Specifically, I observed that sDR and the eat-2 mutant allele both induced an extension in the 

duration of mitosis. Previous studies have suggested that DAF-16/FOXO, which is the major target 

of insulin/IGF-1 signaling in C. elegans, is located in the cytoplasm under conditions of abundant 

food. In contrast, nutrient deprivation triggers the nuclear localization of DAF-16, indicating that 

nutrient stress may be linked to IIS in C. elegans (Henderson & Johnson, 2005). My data indicate 

that a daf-18 null mutation completely ameliorates the delayed mitosis induced by dietary 

restriction treatment. In contrast, a daf-16 null mutation does not rescue these delays, implying 

that mitotic delay mediated by dietary restriction is dependent on daf-18, but not daf-16. 

Unpublished work from our lab has shown that reducing IIS using a conditional daf-2 allele leads 

to mitotic delays in GSCs that require both daf-18 and daf-16. This implies that dietary restriction 

may act in parallel to the IIS pathway to regulate GSC mitosis, with both requiring daf-18. 

Future investigation should focus on understanding the molecular mechanism by which 

DAF-18 regulates the mitotic delay induced by dietary restriction in GSCs. Previous studies have 

revealed that DAF-18/PTEN is a convergence point for TGF-β and insulin/IGF-1 signaling, which 

suppress GSC proliferation during dauer development (Narbonne & Roy, 2006). Subsequent 

research indicated that DAF-18/PTEN modulates GSC proliferation by transmitting signals 

through the AMPK pathway via its upstream activator LKB1 to repress MPK-1/MAPK signaling 

(Narbonne & Roy, 2006; Narbonne et al., 2017). Taken together, these findings suggest that, in 

addition to the insulin/IGF-1 signaling pathway, DAF-18 can also modulate AMPK signaling. 
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These results open up new avenues for exploring the specific mechanisms by which DAF-18 

regulates dietary restriction-induced mitotic delay in GSCs, particularly through AMPK signaling. 

As such, future investigations should investigate the interplay between DAF-18/PTEN, AMPK 

signaling, and GSC mitosis under dietary restriction to gain a comprehensive understanding of the 

molecular mechanisms that govern this process. 
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4.5. Exploring the mechanism of cell signaling pathways and environmental factors in 

regulating mitotic fidelity 

The findings presented in this study offer compelling evidence for the role of cell signaling 

pathways and environmental factors in regulating mitosis, particularly in terms of their impact on 

mitotic timing. Additionally, the study has identified the mechanism by which DAF-7/TGF-β 

signaling regulates GSC mitosis, adding to the existing knowledge on the regulation of this critical 

cellular process. However, the results presented here raise further questions regarding the 

underlying mechanisms through which changes in these pathways or environmental factors affect 

mitotic timing. Specifically, it is necessary to investigate the specific cellular processes that these 

factors are regulating, which ultimately lead to mitotic delays in GSCs. Previous studies have 

shown that longer mitotic duration resulting from compromised spindle assembly is dependent on 

the SAC, and that dietary restricted GSCs are more susceptible to chromosome segregation errors 

in the absence of the SAC, indicating reduced mitotic fidelity (Gerhold et al., 2015). Thus, it is 

important to explore whether the SAC is responsible for the observed mitotic delay in response to 

reduced cell signaling. It is also crucial to investigate whether alterations in these factors affect 

mitotic fidelity.  

 In C. elegans, the mdf-1/MAD-1 and mdf-2/MAD-2 are core components of SAC. These 

proteins form a complex that localizes to unattached kinetochores, where it facilitates the efficient 

binding of MAD2 to CDC20 (Kitagawa, 2009). If the mitotic delays observed in response to 

reduced cell signaling are SAC-dependent, it is hypothesized that knockdown of mdf-1 through 

RNAi or utilizing a genetic null mutant of mdf-2(lt4) would lead to complete suppression of the 

observed delays. However, if these delays are SAC-independent, it is expected that the loss of mdf-

1 or mdf-2 would have minimal effect on the mitotic delays.  
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In order to investigate whether the reduced cell signaling and/or dietary restriction may 

lead to compromised mitotic fidelity, a GFP reporter (xol-1::GFP), which is expressed specifically 

in XO embryos resulting from meiotic X chromosome segregation errors in non-mated 

hermaphrodites, can be used to quantify segregation defects (Kelly et al., 2000). By quantifying 

the number of GFP-positive embryos, it would be feasible to determine whether reduced TGF-β 

signaling results in increased segregation errors. In addition, the fluorescently labelled histone 

(HIS-11::mCherry) can also be used for visualizing any segregation defects in the germline in real 

time. These proposed experiments may be useful in elucidating the underlying mechanisms by 

which cell signaling pathways and environmental factors affect mitotic fidelity.  
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5.0. Conclusion 

In conclusion, my study aimed to identify the signaling pathways that potentially affect 

GSC mitosis in C. elegans. Through the C. elegans mutant allele approach, the TGF-β and Notch 

signaling pathways were identified. Further investigation of TGF-β signaling in GSC mitosis 

revealed that daf-3 and daf-5 play critical roles in this process. While previous studies have 

demonstrated that DAF-7/TGF-β promotes lag-2 expression and subsequently targets Notch 

signaling to regulate the GSC mitosis-meiosis decision, my preliminary data suggests that Notch 

signaling is not involved in the regulation of GSC mitosis by DAF-7/TGF-β signaling. Further 

investigation is necessary to confirm these findings. 

In addition to identifying the signaling pathways that affect GSC mitosis in C. elegans, my 

study also investigated the relationship between dietary restriction and GSC mitosis. My results 

confirmed previous reports that dietary restriction extends the mitotic duration of GSCs. 

Furthermore, I found that dietary restriction-induced mitotic delay is dependent on daf-18, but not 

daf-16, indicating that the regulation of GSC mitosis by dietary restriction may be independent of 

insulin/IGF-1 signaling. Altogether, this work contributes to the continuously growing 

understanding on the regulation of mitotic progression in vivo, particularly with respect to the 

impact of signaling pathways and environmental factors. 
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6.0. Appendix 

Table 1: Candidate genes for RNAi screening 

Candidate 
Gene 

Sequence Source Gene Product Molecular Function 

aak-1 PAR2.3 Ahringer 
library 

AMP-activated 
protein kinase 

metabolic regulation (Lee et al., 
2008) 

aak-2 T01C8.1 Ahringer 
library 

AMP-activated 
protein kinase 

metabolic regulation (Lee et al., 
2008) 

age-1 B0334.8 Ahringer 
library 

PI3K activates AKT1/2, lifespan 
regulation (Murphy & Hu, 2013) 

cdk-1 T05G5.3 Ahringer 
library 

Cyclin-
dependent 
kinase 

cell cycle regulation 

cyb-1 ZC168.4 Ahringer 
library 

B-type cyclin cell cycle regulation 

cyb-3 T06E6.2 Ahringer 
library 

B-type cyclin cell cycle regulation 

cye-1 C37A2.4 Ahringer 
library 

Cyclin E cell cycle regulation 

daf-2 Y55D5A.5 Gerhold 
lab 

Insulin/IGF-1 
receptor 

germline proliferation regulation, 
lifespan regulation (Murphy & Hu, 
2013) 

daf-4 C05D2.1 Ahringer 
library 

TGF-β type II 
receptor 

inhibit dauer larva formation 
(Estevez et al., 1993) 

daf-8 R05D11.1 Ahringer 
library 

R-smad Inhibits Co-smad, dauer regulation 

daf-15 C10C5.6 Gerhold 
lab 

Raptor lifespan regulation (Vellai et al., 
2003) 

daf-16 R13H8.1 Ahringer 
library 

FOXO 
transcription 
factor 

aging and longevity (Sun et al., 
2017) 

gld-2 ZC308.1 Ahringer 
library 

STAR RNA-
binding protein 

promotes meiotic entry (Kimble & 
Crittenden, 2007) 

glp-1 F02A9.6 Ahringer 
library 

Notch receptor germline development (Qiao et al., 
1995) 

let-363 B0261.2 Gerhold 
lab 

TOR lifespan regulation (Vellai et al., 
2003) 

let-60 ZK792.6 Ahringer 
library 

RAS vulva development (Beitel et al., 
1990) 

mek-2 Y54E10BL.6 Gerhold 
lab 

Map 
kinase 

activate MAP kinase, control vulval 
differentiation (Wu et al., 1995) 

mpk-1 F43C1.2 Ahringer 
library 

Map  
kinase 

GSC proliferation regulation 
(Narbonne et al., 2017) 
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rsks-1 Y47D3A.16 Ahringer 
library 

S6K GSC maintenance (Roy et al., 2018) 

sma-2 ZK370.2 Ahringer 
library 

R-Smad Aging and longevity (Gumienny, 
2013) 

wts-1 T20F10.1 Ahringer 
library 

Warts regulate body length (Cai et al., 
2009) 

yap-1 F13E6.4 Ahringer 
library 

Yes-associated 
protein 

thermotolerance and aging (Iwasa et 
al., 2013) 

 

  



Page 57 of 79 
 

Table 2: C. elegans strains and alleles 

Strain Allele/Genotype Source Comments 
CB1364 daf-4(e1364) III CGC Temperature sensitive dauer constitutive 
CB1372 daf-7(e1372) III CGC Temperature sensitive dauer constitutive 
CB1393 daf-8(e1393) I CGC Temperature sensitive dauer constitutive 
CB4037 glp-1(e4037) III CGC Temperature sensitive, sterile at 25°C 
GC833 glp-1(ar202) III Labbe 

Lab 
Temperature sensitive; tumorous germline 
at 25°C 

JK2879 gld-2(q497) gld-1(q485) I/ 
hT2[qIs48] (I;III) 

Labbe 
Lab 

Segregates WT GFP+ heterozygotes, non-
GFP sterile gld-2 gld-1 homozygotes 

MR1175 aak-1(tm1944) III; aak-
2(ok524) X 

Roy lab Dauer recoveries are sterile 

MT2124 let-60(n1046) IV CGC Gain of function; multivulva 
RB1206 rsks-1(ok1255) III CGC  
RB2286 sma-2(ok3109) III CGC  
SD551 let-60(ga89) IV Roy lab Temperature sensitive; gain of function; 

Muv at 25°C and sterile 
SD939 mpk-1(ga111) unc-

79(e1068) III 
CGC Temperature sensitive; sterile at 25°C 

ARG50 mosI_5'mex-5_GFP::tbb-
2; mCherry::his-11; cb-
unc-119(+)]I 

Gerhold 
Lab 

 

ARG45 mosI_5'mex-5_GFP::tbb-
2; mCherry::his-11; cb-
unc-119(+)]I; sun-
1p::rde-1::sun-1 3'UTR; 
rde-1(mkc36)V 

Gerhold 
Lab 

Germline specific RNAi machinery 

UM225 ojIs1[unc-119(+) pie-
1::GFP::tbb-2] V 

Gerhold 
Lab 

 

UM255 gld-2(q497) gld-1(q485) I/ 
hT2[qIs48](I;III); 
ojIs1[unc-119(+) pie-
1::GFP::tbb-2] V 

Labbe 
Lab 

Tumorous germline 

UM272 eat-2(ad465) II; ojIs1[unc-
119(+) pie-1::GFP::tbb-
2] V 

Gerhold 
Lab 

Abnormal feeding; Slow pumping 

UM362 daf-16(mu86) I; eat-
2(ad465) II; ojIs1[unc-
119(+) pie-1::GFP::tbb-
2] V 

Gerhold 
Lab 

 

UM363 eat-2(ad465) II; daf-
18(nr2037) IV; ojIs1[unc-
119(+) pie-1::GFP::tbb-
2] V 

Gerhold 
Lab 
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ARG73 glp-1(e2141) III. 
His-11::mCH; TBB-
2::GFP 

Gerhold 
Lab 

Temperature sensitive, sterile at 25°C 

ARG74 rsks-1(ok1255) III; His-
11::mCH; TBB-2::GFP 

Gerhold 
Lab 

 

ARG75 daf-7(e1372) III; His-
11::mCH; TBB-2::GFP 

Gerhold 
Lab 

Temperature sensitive dauer constitutive 

ARG76 mpk-1(ga111) unc-
79(e1068) III; His-
11::mCH; TBB-2::GFP 

Gerhold 
Lab 

Temperature sensitive; sterile at 25°C 

ARG82 let-60 (n1046) IV; His-
11::mCH; TBB-2::GFP 

Gerhold 
Lab 

Gain of function; multivulva 

ARG84 let-60 (ga89) IV; His-
11::mCH;TBB-2::GFP 

Gerhold 
Lab 

Temperature sensitive; gain of function; 
Muv at 25°C and sterile 

ARG86 daf-8(e1393) I; His-
11::mCH;TBB-2::GFP 

Gerhold 
Lab 

Temperature sensitive dauer constitutive 

ARG101 glp-1(ar202) III; His-
11::mCH;TBB-2::GFP 

Gerhold 
Lab 

Temperature sensitive; tumorous germline 
at 25°C 
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Table 3: Primers 

Primer sequence 

T7_L4440_F1 TAATACGACTCACTATAGGGCGAA 

let-60_T7_Fwd TAATACGACTCACTATAGGGGAGACATGCCTCCTCGACAT 

let-60_T7_Rev TAATACGACTCACTATAGGGCAGACCGGGTGTCGTATTTT 

mek-2_f_SacI TAAGCAGAGCTCTGAGAACTGCGACCAATCAG 

mek-2_r_NcoI TAAGCACCATGGTCTGAGCTTTGAACCTCCAT 

daf-15_f_SacI TAAGCAGAGCTCAAATGTGGTGCACACAAAGC 

daf-15_r_NcoI TAAGCACCATGGCCGGAAATTCCAACTTTCAA 

let-363_f_SacI TAAGCAGAGCTCGGTGTTGAATGGCTTGTCCT 

let-363_f_NcoI TAAGCACCATGGCGCAGTTTCGGAATTCTCAT 

ok1255_external_f GAGATGCGGAAGCTATGCTC 

ok1255_external_b GTTGAATTCCTGCTCCTCCA 

ok1255_internal_f ATTCAACTGTGTGCCAGTGC 

ok1255_internal_b TGGGGCTTCACTATTTGGTC 

aak-1_rr1514 TTCGCGTCCAGAAGAAGATT 

aak-1_rr1515 GTGAAACCGAAACGGAAAAA 

aak-2_rr1104 TTGGAATCCATGAGACAACTC 

aak-2_rr1105 AAGACTTGGCACGTGCTC 
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Supplemental Figure S1: Candidate signaling pathways screen by germline-specific RNAi 

  

Beeswarm plot showing the mitotic cell number in the mitotic zone per gonad of worms 
following RNAi treatment. Control = ARG45 following L4440 RNAi. 

L4
44

0 
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Supplemental Figure S2: Image of the gel for RNAi sequences  
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