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Abstract: 

Stem cells are central to the development of multi-cellular organisms, including C. 

elegans and humans. Key to their function is their ability to differentiate into more 

specialized cells or proliferate to maintain their population for future use. Germline stem 

cells (GSCs) are a class of stem cells that are crucial for an organism’s reproductive 

success. GSCs proliferate to maintain the stem cell pool (self-renew) and differentiate to 

produce gametes (sperm/oocytes). A balance between proliferation and differentiation is 

necessary for proper germline function and the production of offspring throughout an 

organism’s life. This thesis uses the C. elegans hermaphrodite germline as an in vivo 

model to investigate the molecular mechanisms that regulate the 

proliferation/differentiation balance.  

In this thesis I have characterized RACK-1 as a modulator of the stem cell 

proliferation/differentiation balance. I found that RACK-1 is required for the proper activity 

of the conserved STAR family, RNA-binding protein, GLD-1/Quaking. GLD-1 is expressed 

throughout the cytoplasm in wildtype germlines, whereas in the absence of rack-1, GLD-

1 levels are reduced, and GLD-1 becomes mislocalized to perinuclear aggregates (germ 

granules). This leads to a decrease, but not a complete loss, of GLD-1 activity. 

Specifically, a loss of rack-1 in combination with a loss of GLD-2 pathway function results 

in an over-proliferation phenotype. This phenocopies a partial reduction of gld-1 (gld-

1(het)), but not a complete loss of gld-1, in the same genetic background. Additionally, 

loss of rack-1 rescues the proliferation defects in an fbf-1(0) fbf-2(0) mutant background 

similar to a reduction of gld-1 (gld-1(het)). Loss of rack-1 enhances the defective 
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progression through meiosis phenotype associated with reduced GLD-1 activity. This 

data supports the model that rack-1 functions to modulate GLD-1 activity through 

controlling GLD-1’s subcellular localization and levels, thereby maintaining the proper 

proliferation/differentiation balance. This thesis reveals a novel mechanism that fine-

tunes the activity of a key meiotic protein, GLD-1, to provide an additional layer of 

regulation in the proliferation/differentiation balance in the C. elegans germline.  
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This thesis is original, unpublished, independent work by the author Kara Dawn Vanden 

Broek. 
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Chapter 1: Introduction 

1.1 Stem cells   

Stem cells are unspecified cells that possess the ability to self-renew through mitotic 

cellular divisions (proliferation) or to develop into more specialized mature cell types 

(differentiation) (Reviewed in: (Zakrzewski et al., 2019)). The existence of stem cells was 

first established in 1963 by Ernest Armstrong McCulloh and James Edgar Till (Becker et 

al., 1963; McCulloch & Till, 1960). Their experiment, transplanting bone marrow derived 

cells into irradiated mice, led to the realization that these cells had the ability to both self-

renew and to mature into more specialized cells (Becker et al., 1963; McCulloch & Till, 

1960). Mouse embryonic stem cells (ESCs) were later isolated and grown in vitro in 1981 

by Sir Martin John Evans and Matthew Kaufman, followed by human ESCs in 1988 by 

James Alexander Thomson (Evans & Kaufman, 1981; Thomson et al., 1998).  

The ability of stem cells to self-renew allows for a pool of stem cells to be maintained 

throughout development and the life of the organism. The ability of stem cells to develop, 

or differentiate, into other more specialized cell types allows for the development of the 

multiple different cell types needed for the formation of a complete organism (Zakrzewski 

et al., 2019). Additionally stem cell differentiation allows for tissue repair and maintenance 

throughout an organism’s life (Zakrzewski et al., 2019). Proper development of all multi-

cellular organisms, including C. elegans and humans, requires both stem cell proliferation 

and differentiation; therefore, a precise balance between proliferation and differentiation 

is required, such that an organism can maintain the stem cell pool for future use, while 

also allowing for tissue formation and repair to occur (Zakrzewski et al., 2019).  
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Pluripotent embryonic stem cells (ESC) are required for early development of an 

organism, as ESCs give rise to all cell types found within the organism (Zakrzewski et al., 

2019). Adult stem cells (ASCs) have a reduced differentiation capacity and are only able 

to give rise to a limited subset, or specific type of cell, referred to as multi- or unipotent 

(Zakrzewski et al., 2019). ASCs are required for tissue homeostasis throughout an 

organism’s life. Germline stem cells (GSCs) are a specific subset of ASCs. GSC research 

using model organisms, such as C. elegans and Drosophila, has provided valuable 

information on how stem cell proliferation and differentiation is regulated in vivo (Spradling 

et al., 2011). 

 1.2 Germline stem cells  

Germline Stem Cells (GSCs) are responsible for the reproductive success, or fitness 

(ability to produce offspring), of an organism (Spradling et al., 2011). Organisms require 

a fine-tuned balance between GSC proliferation (self-renewal) and differentiation 

(production of gametes (sperm and/or oocyte)), throughout their life for them to 

successfully reproduce. Excessive GSC differentiation leads to depletion of the stem cell 

pool, which removes the organism’s ability to further produce gametes (Spradling et al., 

2011). Conversely, excessive GSC proliferation leads to tumour formation, which results 

in a decrease in the production of gametes and reduced ability for the production 

offspring; therefore, disruption in this balance, in either direction, has serious implications 

for an organism’s fitness (Spradling et al., 2011). 

GSCs arise from a subset of cells, primordial germ cells (PGCs), which are specified 

to give rise to the germline during embryonic development. PGCs were proposed to be 
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specified by the inheritance of ‘germ plasm’ (Parker et al., 1893; Weismann, 1892). 

Continued research identified a component of germ plasm, later referred to as germ 

granules, which are maternally supplied proteins and RNAs that form distinct granules in 

many organisms, including Drosophila, zebrafish, Xenopus, mice and C. elegans  (Clark 

& Eddy, 1975; Ikenishi et al., 1996; Knaut et al., 2000; Mahowald, 1968; Spiegelman & 

Bennett, 1973; Strome & Wood, 1982). Germ granules contain components that are 

conserved across many species including RNA regulatory proteins, and components of 

small RNA pathways, suggesting a role in RNA metabolism and gene expression 

(Reviewed in (Voronina et al., 2011). Research on C. elegans germ granules supports 

the model that they are involved in RNA metabolism, required for animal fertility, and has 

uncovered their involvement in epigenetic inheritance (Section 1.81) (Sundby et al., 

2021). 

Stem cells are housed in a specific micro-environment known as the niche (Schofield, 

1978). Schofield first proposed the idea of the ‘niche’ in 1978 by suggesting that stem 

cells retain their “stemness” through localization to a specific physical environment. The 

niche has since been identified for germline stem cell pools in various model organisms 

including C. elegans, Drosophila and mice (Brinster, 2002; Kiger et al., 2001; Kimble & 

White, 1981; Meng et al., 2000; Tulina & Matunis, 2001; Xie & Spradling, 2000; Yomogida 

et al., 2003). GSCs residing in the niche undergo mitotic divisions. These division can 

produce two identical daughter cells that both remain in the niche, and therefore remain 

GSCs, or can produce two non-identical daughter cells, one that remains in the niche 

(GSC) and one that exits the niche and can begin to differentiate. The niche provides 
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signals that maintain the stem cell fate/identity of GSCs; however, only a defined number 

of cells can be maintained by the niche (Reviewed in: (Morrison & Spradling, 2008). GSC 

proliferation and GSC exit from the niche establishes a balance between proliferation and 

differentiation that is required for proper germline function throughout an organism’s life. 

Although the presence and function of the niche is conserved between organisms, the 

specific cells and signaling pathways differ.  

GSC fate in Drosophila ovaries and testis is maintained through BMP signaling. The 

niche cells express BMP ligands, dpp and gbb, which trigger the BMP signaling cascade 

within in the GSC, resulting in the repression of bam, a differentiation promoting gene 

(Kawase et al., 2004; Song et al., 2004). In the ovaries the GSCs are surrounded by the 

cap and escort cells, which function as the niche (Kirilly & Xie, 2007; Lin, 2002; Xie & 

Spradling, 2000). In the Drosophila testis the somatic cyst and hub cells function as the 

niche (Kawase et al., 2004; Tran et al., 2000; Tulina & Matunis, 2001; Wieschaus & 

Szabad, 1979; Xie & Spradling, 2000). Direct contact between the niche and GSCs are 

required to maintain GSC fate (Hardy et al., 1979; Jan et al., 1999; Kawase et al., 2004; 

Tran et al., 2000; Xie & Spradling, 2000; Yamashita et al., 2003). As GSCs proliferate, 

one daughter cell loses contact with the niche and begins to differentiate (Wieschaus & 

Szabad, 1979; Xie & Spradling, 2000). The ovarian niche maintains only 2-3 GSCs, 

whereas in the testis, the niche maintains a population of ~7-10 GSCs (Kawase et al., 

2004; Tran et al., 2000; Tulina & Matunis, 2001; Wieschaus & Szabad, 1979; Xie & 

Spradling, 2000). In the mammalian testis, Sertoli cells function as the niche. These cells 

express GDNF (glial derived neurotrophic factor), a TGF family member, which is 
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required to maintain the proliferative fate of a single GSC (spermatogonial stem cell) by 

activating a number of downstream pathways, including Src signaling and Ras/ERK1/2 

signaling (Braydich-Stolle et al., 2007; He et al., 2008; Hofmann et al., 2005; Kubota et 

al., 2004; Meng et al., 2000; Yomogida et al., 2003). 

The mechanisms controlling the C. elegans GSC population are the focus of this 

thesis and will be described in detail in the following sections. 

1.3 C. elegans  

C. elegans are small, transparent, free-living nematodes, with a relatively short 

reproductive cycle (~3 days), and exist in two sexes, male (XO) and a self-fertilizing 

hermaphrodite (XX) (Porta-de-la-Riva et al., 2012). The research presented in this thesis 

focuses on the hermaphrodite germline. In the hermaphrodite, embryogenesis begins in 

utero upon fertilization of mature oocytes. At the gastrula stage (embryo made up of 

pluripotent cells) the embryos are laid and the rest of embryogenesis occurs ex utero 

(Corsi et al., 2015). The end of embryogenesis is marked by hatching that gives rise to 

the first of the four larval stages, L1 (Corsi et al., 2015). The larval stages L1, L2, L3, and 

L4, are separated from each other by molting (replacement of a new protective cuticle).  

At one day post L4, the worm is considered an adult and the life cycle can continue by 

self-fertilization in a hermaphrodite or through mating with a male (Corsi et al., 2015).  

1.3.1 C. elegans germline development 

The germline arises from two primordial germ cells (PGCs), Z2 and Z3, which are 

quiescent during embryonic development until the first larval stage (L1) when they begin 

to proliferate upon access to nutrients (Hirsh et al., 1976; Kimble & Hirsh, 1979). The 
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somatic gonad arises from the Z1 and Z4 cells, descendants of the MS lineage (Kimble 

& Hirsh, 1979). The PGCs and somatic gonad precursors proliferate throughout the first 

three larval stages giving rise to a pool of stem cells and the somatic gonad primordium 

(Hirsh et al., 1976; Kimble & Hirsh, 1979). The distal tip cell (DTC) is an important somatic 

cell that is required for proper migration of the developing gonad (Kimble & Hirsh, 1979). 

During the L3 stage, the most proximal cells enter meiosis, which is referred to as ‘initial 

meiosis’ (Austin & Kimble, 1987; Kimble & White, 1981). In the hermaphrodite germline 

the first cells to undergo meiosis differentiate as sperm with primary spermatocytes 

becoming visible during the mid-L4 stage, and all sperm (~150/gonad arm) being 

produced by the L4 molt (Hirsh et al., 1976; Kimble & White, 1981). The switch from 

spermatogenesis to oogenesis occurs after the L4 molt with oocyte production continuing 

throughout the organism’s adult life (Hirsh et al., 1976). The oocytes mature in a distal-

proximal fashion, with the most mature oocytes being located most proximally next to the 

spermathecae resulting in fertilized embryos being housed in the uterus, next to the vulva 

to be laid (Hirsh et al., 1976).  

1.3.2 Anatomy of the gonad 

The DTC caps the distal end of the u-shaped gonad arm, where it functions as the 

proliferative niche needed to maintain the mitotic GSC population (Kimble & White, 1981). 

This most distal zone of the germline, where the stem cell pool is housed, is referred to 

as the proliferative zone (PZ). As the cells proliferate, they move proximally, away from 

the DTC/niche and begin to enter meiosis (differentiation) (Austin & Kimble, 1987; Kimble 

& White, 1981). This region is defined by distinct crescent shaped nuclear morphology 

that marks the exit from the mitotic cell cycle and transition into early meiotic pachytene 
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stages (lepotene/zygotene) (MacQueen & Villeneuve, 2001). This region is referred to as 

the transition zone (TZ). In the meiotic region located proximally to the TZ, cells progress 

through pachytene until the bend in the gonad arm (loop region) where they are either 

removed by apoptosis or progress through diplotene and arrest in diakinesis of meiosis, 

forming mature oocytes at the most proximal end. 
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Figure 1.1 - Dissected adult hermaphrodite gonad. Representative image of a young 

adult wildtype (N2) gonad. Animals were raised at 20 °C and dissected one day past the 

L4 stage, fixed, and stained with DAPI to visualize nuclear morphology, -REC-8 

antibodies to mark proliferative cells (mitotic), and -HIM-3 antibodies to mark 

differentiating cells (meiotic). The distal end, which is capped by the somatic distal tip cell 

(DTC) is marked with an *. The DTC supplies the proliferative niche to maintain a pool of 

mitotic GSCs in the proliferative zone (PZ). As the cells proliferate, they exit the niche, 

and begin the transition into meiosis. This region is referred to as the transition zone (TZ) 

and is marked by crescent-shaped nuclei. The cells continue through meiotic pachytene 
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until the loop region where they progress into diplotene/diakinesis forming mature 

oocytes.

1.4 The DTC and GLP-1/Notch signaling  

 The DTC, which caps the distal end of the gonad arm, creates a proliferative niche 

that functions to maintain a population of mitotic stem cells within the proliferative zone. 

This somatic cell extends processes (“DTC plexus”) that allows the DTC to maintain 

contact with germ cells up to 20 cell diameters away (Byrd et al., 2014; Crittenden et al., 

2006; Hall et al., 1999). The niche is estimated to maintain approximately 60-80 GSCs 

and 130-160 mitotically cycling cells, with the remaining germ cells in the PZ being mostly 

in meiotic S phase (Crittenden et al., 2006; Fox et al., 2011; Fox & Schedl, 2015; 

Maciejowski et al., 2006). These populations make up the pool of germ cells found within 

the PZ (~230 cells) (Crittenden et al., 2006; Fox et al., 2011; Fox & Schedl, 2015; 

Maciejowski et al., 2006). As the cells move out of the proliferative niche, they lose the 

proliferative signal and begin to differentiate. Cells that exit the niche in S or G2 phase 

will complete the mitotic cell cycle before progressing through to meiotic S-phase in the 

daughter cells (Fox et al., 2011). The more proximal end of the proliferative zone therefore 

contains a mix of mitotic and meiotic cells (Crittenden et al., 1994; Fox et al., 2011; 

Hansen, Hubbard, et al., 2004). Laser ablation of the DTC and DTC repositioning 

experiments demonstrated that the DTC functions as the niche and is needed for the 

PGCs and GSCs to remain proliferative (Kimble & White, 1981). In the absence of the 

DTC, the GSCs prematurely enter meiosis resulting in a Glp (germline proliferation 

abnormal) phenotype (four to eight mature sperm produced) (Figure 1.2) (Austin & 
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Kimble, 1987; Kimble & White, 1981). These results demonstrated that the DTC functions 

as the niche and is required to maintain the GSC pool. 

1.4.1 GLP-1/Notch signaling 

The DTC expresses LAG-2 and APX-1, DSL (Delta/Serrate/LAG -2) family ligands, on 

its cell surface, which interact with the GLP-1/Notch receptor present on the GSCs 

(Crittenden et al., 1994; Fitzgerald & Greenwald, 1995; Nadarajan et al., 2009). Loss of 

glp-1, which encodes a Notch family transmembrane receptor, within the GSCs resulted 

in Glp germlines, phenocopying the loss of the DTC (Austin & Kimble, 1987; Kimble & 

White, 1981; Lambie et al., 1991). Conversely, in glp-1 gain-of-function mutants GSCs 

fail to enter meiosis and instead GSC over-proliferation occurs resulting in a germline 

tumour (Figure 1.2)  (Berry et al., 1997; Pepper et al., 2003). Taken together this data 

suggested that GLP-1/Notch signaling is the main regulator of GSC 

proliferation/differentiation.  

Interaction between APX-1/LAG-2 and GLP-1/Notch is predicted to result in three 

proteolytic cleavage events in the GLP-1/Notch receptor that result in the release of the 

of the Notch intracellular domain (NICD) (Reviewed (Hubbard & Schedl, 2019)). NICD 

has only recently been visualized within the GSCs and their nuclei within the proliferative 

zone of C. elegans (Gutnik et al., 2018; Sorensen et al., 2020). NICD translocates into 

the nucleus where it functions as a transcriptional activation complex alongside LAG-1 

CSL family member (CBF1 /Su(H)/LAG-1), and LAG-3/SEL-8 (Christensen et al., 1996; 

Doyle et al., 2000; Lambie et al., 1991; Petcherski & Kimble, 2000). 
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1.4.2 Direct GLP-1/Notch targets - LST-1 and SYGL-1 

 The GLP-1/Notch/LAG-1/LAG-3/SEL-8 complex functions as a translational 

activator. Analysis of putative GLP-1/Notch targets identified two redundant genes, lst-1 

and sygl-1, which when simultaneously knocked out phenocopy a loss of GLP-1/Notch 

signaling (Glp phenotype) (Figure 1.2) (Kershner et al., 2014). Interestingly, both lst-1 and 

sygl-1 do not contain any conserved protein domain sequences and do not appear to be 

conserved in other species (Kershner et al., 2014).  SYGL-1 is expressed within the 

proliferative zone up to 11-13 germ cell diameters (gcd) from the DTC (Kocsisova et al., 

2019; Shin et al., 2017). LST-1 expression is more restricted being expressed only up to 

5 gcd from the DTC (Kocsisova et al., 2019; Shin et al., 2017). Loss of lst-1 alone slightly 

reduces the stem cell pool, whereas loss of sygl-1 reduces the PZ by about half (Brenner 

& Schedl, 2016; Kershner et al., 2014; Shin et al., 2017). Increased sygl-1 expression 

corresponds with an increase in the proliferative zone size, with ubiquitous expression of 

lst-1 and sygl-1 resulting in germline tumours (Figure 1.2) (Shin et al., 2017). Analysis of 

various downstream GLP-1/Notch signaling targets determined that most require the 

activity of lst-1 and sygl-1, rather than GLP-1/Notch transcriptional activation (Chen et al., 

2020; Shin et al., 2017). It is thought that lst-1 and sygl-1 are the only direct targets of 

GLP-1/Notch that function to promote GSC proliferation (Chen et al., 2020; Shin et al., 

2017). The identification of these two targets has provided researchers with a direct 

readout of GLP-1/Notch activity, which has been useful in characterizing various 

proliferation/differentiation mutants (Chen et al., 2020; Kocsisova et al., 2019; Shin et al., 

2017).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
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1.4.3 The PUF hub 

 Four PUF (Pumilio and FBF family) RNA binding proteins, fbf-1, fbf-2, puf-3 and 

puf-11 work as a hub (‘PUF hub’) to promote GSC proliferation (Crittenden et al., 2002; 

Haupt et al., 2020). Loss of these four PUF proteins phenocopies the Glp phenotype of 

glp-1/Notch or lst-1 sygl-1 null mutants (Haupt et al., 2020). 

fbf-1 and fbf-2 were the first two PUF hub genes identified (Crittenden et al., 2002; 

Zhang et al., 1997). fbf-1 and fbf-2 are thought to promote mitosis through repressing the 

expression of genes required for meiosis (Crittenden et al., 2002; Lamont et al., 2004; 

Zhang et al., 1997). They were found to play a role in regulating GSC proliferation, 

downstream of GLP-1/Notch, as loss of both fbf-1 and fbf-2 resulted in Glp germlines; 

however, unlike glp-1 null mutants [or lst-1(0) sygl-1(0)], the GSCs in these mutants 

proliferate until the L4 stage and then prematurely enter meiosis resulting in a germline 

filled with ~400 sperm, instead of only four to eight sperm as in glp-1 or lst-1 sygl-1 null 

germlines (Figure 1.2) (Crittenden et al., 2002). FBF-1 and FBF-2 share the majority of 

their target mRNAs, possess 89% identity and were originally thought to be largely 

redundant for their role in GSC proliferation, being collectively referred to as FBF 

(Crittenden et al., 2002; Kershner & Kimble, 2010; Zhang et al., 1997); however, 

independent roles for fbf-1 and fbf-2 within the germline have been uncovered (Lamont 

et al., 2004; Voronina et al., 2012; Wang et al., 2020).  

FBF-1 is expressed within the proliferative zone of the adult germline and functions 

to repress its targets through poly-A deadenylation with the CCR-4-NOT deadenylase 

complex leading to target degradation (Crittenden et al., 2002; Lamont et al., 2004; 
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Voronina et al., 2012; Wang et al., 2020). FBF-1 is required to prevent meiotic entry with 

loss of fbf-1 resulting in a decrease in the PZ size (Lamont et al., 2004; Wang et al., 2020). 

FBF-2 expression is low in the first few cell rows of the PZ but increases and is detectable 

throughout the PZ (Lamont et al., 2004; Voronina et al., 2012). FBF-2 represses target 

genes in a deadenylation-independent manner, through the formation of 

ribonucleoprotein (RNP) complexes with its target mRNAs (Wang et al., 2020). FBF-2 

functions to promote cell division, with loss of fbf-2 resulting in an increase in the 

proliferative zone size (Lamont et al., 2004; Wang et al., 2020). These separate functions 

are regulated by divergent sequences within these genes (Wang et al., 2020) . 

Analysis of other C. elegans PUF family proteins led to the identification of puf-3 

and puf-11 playing a role in GSC proliferation (Haupt et al., 2020). Alone puf-3 and puf-

11 have no effect on GSC proliferation (Haupt et al., 2020); however, loss of either puf-3 

or puf-11 in combination with fbf-1(0) fbf-2(0) resulted in a decrease in GSC proliferation 

as determined by a reduction in the number of sperm produced per germline (Haupt et 

al., 2020). A loss of both puf-3 and puf-11, in combination with fbf-1(0) and fbf-2(0), 

resulted in a Glp phenotype resembling that of glp-1 null mutants (Figure 1.2) (Haupt et 

al., 2020). PUF-3 and PUF-11 are expressed within the PZ, consistent with their role in 

regulating GSCs (Haupt et al., 2020). 

Interestingly, all components of the PUF hub have been found to interact with LST-

1 and all but PUF-11 appear to interact with SYGL-1 (Haupt et al., 2019; Qiu et al., 2019; 

Shin et al., 2017). Mutations of FBF binding sites in lst-1 disrupted its ability to promote 
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GSC proliferation (Haupt et al., 2019; Qiu et al., 2019). The working model is that 

interactions between PUF hub components and LST-1 and SYGL-1 are required for 

proper target repression and ultimately GSC proliferation (Haupt et al., 2020; Shin et al., 

2017). 
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Figure 1.2 – Germline phenotypes associated with defects in the 

proliferation/differentiation balance in the adult germline. Cartoon representations of 

germline phenotypes associated with changes in the proliferation/differentiation balance. 

The distal end is on the left-hand side. Green cells represent mitotic cells, red cells 

represent meiotic cells, blue cells represent mature sperm, and yellow represents 

developing oocytes. Wildtype germlines have a proper balance between proliferation and 

differentiation resulting in maintenance of the stem cell pool (green) and production of 

gametes (sperm and oocytes (blue and yellow)). Disruptions to the balance between 

proliferation and differentiation results in a variety of germline phenotypes. Increased 

proliferation, as seen in glp-1(ar202gf) mutants at the permissive temperature, results in 

a late-onset tumour detectable by the increased stem cell pool (green). If the balance is 

completely disrupted such that only proliferation can occur a complete tumour is formed, 

as seen in glp-1(ar202gf) mutants at the restrictive temperature. Proximal tumours (Pro) 

have a pool of ectopic proliferating cells present at the proximal end of the germline. Pro 

germlines may have visible gametes (as seen in glp-1(oz264gf) or glp-1(ar202gf) at the 

restrictive temperature (top germline), or they may lack gametes as seen in gld-1(q485) 

(bottom germline). A complex tumour has patches of meiotic and mitotic cells throughout 

the germline. These tumours may have proliferating cells (Pro) or meiotic cells at the 

proximal end of the germline. Defective proliferation results in a Glp (abnormal germline 

proliferation) phenotype. Glp germlines have only meiotic cells (mature sperm) present 

within the germline. The top germline represents a Glp phenotype associated with 
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complete loss of GSC proliferation (glp-1 null mutants, lst-1(0) sygl-1(0), loss of PUF hub), 

and the bottom represents Glp phenotype associated with fbf-1(0) fbf-2(0) mutants. 

1.5 Meiotic entry pathways  

Active GLP-1/Notch signaling promotes proliferation through regulating the 

expression of lst-1 and sygl-1 (Figure 1.3). These genes function alongside of the PUF 

hub to inhibit meiosis, through repressing the expression of meiosis promoting factors, 

allowing proliferation to occur (Haupt et al., 2020; Shin et al., 2017). Three redundant 

pathways that are required for the entry into meiosis – the GLD-1 pathway, the GLD-2 

pathway, and the SCFPROM-1 mediated protein degradation pathway (Figure 1.3) 

(Reviewed in (Hubbard & Schedl, 2019)). Loss of one these pathways has no effect on 

meiotic entry; however, loss of two of these pathways disrupts GSC entry into meiosis, 

with few meiotic cells detectable within the germline (Eckmann et al., 2004; Hansen, 

Hubbard, et al., 2004; Kadyk & Kimble, 1998; Mohammad et al., 2018). Additional 

unidentified factors are required to promote entry into meiosis as meiotic cells are 

detected in germlines mutant for all three pathways (GLD-1, GLD2, and SCFPROM-1) 

(Figure 1.3) (Mohammad et al., 2018). 
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Figure 1.3 - The genetic pathway regulating the balance between GSC proliferation 

and differentiation in the germline of C. elegans. The DSL ligands, LAG2 and APX-1, 

are expressed on the surface of the DTC where they interact with the GLP-1/Notch 

receptor present on GSC cell surfaces. This interaction results in proteolytic cleavage of 

the receptor and release of GLP-1/Notch intracellular domain (NICD). NICD translocates 

to the nuclease forming a transcriptional activation complex, activating the expression of 

LST-1 and SYGL-1. These two proteins interact with components of the PUF HUB (fbf-1, 

fbf-2, puf-3, puf-11) and inhibit meiosis through repressing the downstream meiotic entry 

pathways, GLD-1 (gld-1, nos-3), GLD-2 (gld-2, gld-3), SCFPROM-1 (skr-2, cul-1, prom-1). 

Proliferation promoting proteins are labeled in green, meiosis promoting proteins are in 

red, and DTC expressed components are yellow. Adapted from  (Hubbard & Schedl, 

2019).  
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1.5.1 GLD-1 pathway 

 The identification of multiple mutant alleles displaying germline defects in 

hermaphrodites led to the discovery and identification of gld-1 (Francis et al., 1995). GLD-

1 is a member of the KH/Star domain family, with homologs How in Drosophila and 

mammalian QUAKING and SAM68 (Ebersole et al., 1996; Jan et al., 1999; Jones et al., 

1996; Jones & Schedl, 1995; Lock et al., 1996). The identification of over 30 mutant alleles 

with varying defects in germline development (loss-of-function/separation-of-function 

alleles) allowed for the characterization of GLD-1’s functions within the germline (Francis 

et al., 1995; Jones et al., 1996).  

GLD-1 functions redundantly with components of the other meiotic promoting 

pathways (GLD-2 and SCFPROM-1) to promote GSC entry into meiosis (Eckmann et al., 

2004; Hansen, Hubbard, et al., 2004; Kadyk & Kimble, 1998; Mohammad et al., 2018). 

GLD-1 is also required for the progression through meiosis, as complete loss of gld-1 

results in germ cells failing to progress through meiotic pachytene and re-entering the 

mitotic cell cycle (de-differentiation) (Figure 1.2) (Francis et al., 1995). Additionally, a 

subset of gld-1 mutant alleles display late meiotic pachytene arrest, rather than mitotic re-

entry (Francis et al., 1995; Schumacher et al., 2001). This arrested pachytene phenotype 

uncovered a role for gld-1 in regulating germline apoptosis, which occurs during 

oogenesis at the late pachytene stage (Schumacher et al., 2001). Interestingly, the 

progression through meiosis defect is restricted to germ cells undergoing oogenesis 

(Francis et al., 1995). Additionally, a subset of gld-1 mutant alleles result in the formation 

of defective oocytes (Francis et al., 1995); therefore, gld-1 is required during various 
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stages of oocyte development. gld-1 is also involved in promoting the specification of the 

male germline fate, with gld-1(0) hermaphrodites having no masculinized germ cells 

(lacking sperm)  (Francis et al., 1995). GLD-1 is not required for meiotic progression, or 

spermatogenesis, in male germlines (Francis et al., 1995).  

GLD-1 is thought to control these processes through its activity as a translational 

repressor (Jan et al., 1999; Jungkamp et al., 2011; Lee & Schedl, 2004; Marin & Evans, 

2003; Merritt et al., 2008; Mootz et al., 2004; Schumacher et al., 2005) . Many gld-1 mRNA 

targets have been identified, including genes involved in sex determination (tra-2), 

apoptosis (cep-1, lin-45), meiotic progression (cye-1, lin-45), oocyte development (puf-5, 

spn-4) and the meiotic entry decision (glp-1, mex-3) (Ariz et al., 2009; Biedermann et al., 

2009; Ellenbecker et al., 2019; Lee & Schedl, 2004; Lublin & Evans, 2007; Marin & Evans, 

2003; Merritt et al., 2008; Mootz et al., 2004; Schumacher et al., 2005). Interestingly, 

GLD-1 has been found to be required for stabilization/protection of a subset of its target 

mRNAs, in addition to its role in translational repression (Biedermann et al., 2009; Lee & 

Schedl, 2004; Scheckel et al., 2012). How exactly GLD-1 functions to either repress its 

target genes, or stabilize its targets, remains unclear but may be mediated through 

interactions with other proteins and/or complexes (Ellenbecker et al., 2019; Lee & Schedl, 

2010; Scheckel et al., 2012; Wang et al., 2016; Zhang et al., 1997) 

GLD-1’s expression pattern is consistent with it being required for meiotic entry 

and progression. GLD-1 is expressed at low levels in the distal most end of the germline 

(Brenner & Schedl, 2016; Hansen, Wilson-Berry, et al., 2004; Jones et al., 1996). Prior to 
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GSC entry into meiosis GLD-1 levels increase and remain high through the meiotic 

pachytene phase of the germline until the loop region (developing oocytes) where GLD-

1 expression is lost (Brenner & Schedl, 2016; Hansen, Wilson-Berry, et al., 2004; Jones 

et al., 1996). GLD-1 is mainly expressed within the cytoplasm of meiotic germ cells; 

however, a portion of GLD-1 is enriched in RNP germ granules (P granules) in the 

germline and embryo (Ellenbecker et al., 2019; Jones et al., 1996). Repression of GLD-

1 in the distal end of the germline is thought to be regulated by FBF-1, LST-1 and SYGL-

1, as loss of these genes results in elevated GLD -1 levels in the distal end of the germline 

(Brenner & Schedl, 2016; Crittenden et al., 2002; Shin et al., 2017). 

nos-3, one of three C. elegans Nanos homologs, is another core component of the 

GLD-1 pathway (Hansen, Wilson-Berry, et al., 2004; Kraemer et al., 1999). NOS-3 is 

expressed throughout the germline in the cytoplasm of all germ cells except sperm 

(Kraemer et al., 1999). nos-3 was first identified for its role in the sex determination 

pathway where it mediates the switch from spermatogenesis to oogenesis in 

hermaphrodite germlines (Kraemer et al., 1999). nos-3 was subsequently identified to 

play a role in the GLD-1 pathway, as mutations in nos-3, in combination with GLD-2 or 

SCFPROM-1 components, results in germline over-proliferation (Hansen, Wilson-Berry, et 

al., 2004; Mohammad et al., 2018). nos-3 is thought to promote meiotic entry, in part, 

through regulating the accumulation of GLD-1, redundantly with GLD-2, in opposition of 

FBF-1’s translational repression (Brenner & Schedl, 2016; Hansen, Wilson-Berry, et al., 

2004); however, no other targets regulating meiotic entry have been  identified.  
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1.5.2 GLD-2 pathway 

GLD-2 is a catalytic subunit of a cytoplasmic poly(A) polymerase that promotes the 

accumulation of target mRNAs through stabilization upon the addition of a poly(A) tail 

(Kim et al., 2010; Nousch et al., 2017; Suh et al., 2006; Wang et al., 2002). GLD-2 is 

expressed throughout the cytoplasm of germ cells with higher levels in the meiotic 

pachytene region and developed oocytes (Wang et al., 2002). gld-2 was initially identified 

for its role in promoting meiotic progression in both male and hermaphrodite germlines; a 

loss of gld-2 results in cells arresting in an abnormal pachytene state and gametogenesis 

failing to occur (Kadyk & Kimble, 1998). Additionally, gld-2 functions redundantly with the 

GLD-1 and SCFPROM-1 pathways to promote entry into meiosis (Eckmann et al., 2004; 

Hansen, Hubbard, et al., 2004; Kadyk & Kimble, 1998; Mohammad et al., 2018). GLD-2 

promotes meiotic entry, in part, through regulating GLD-1 expression redundantly with 

nos-3 (Brenner & Schedl, 2016; Hansen, Wilson-Berry, et al., 2004; Nousch et al., 2017; 

Suh et al., 2006; Wang et al., 2002). Additional GLD-2 targets that promote entry into 

meiosis have not yet been identified.  

GLD-2 lacks an RNA-binding domain and requires interaction with other proteins 

for complete poly(A) polymerase activity (Wang et al., 2002). Two RNA-binding proteins, 

GLD-3 and RNP-8, have been identified that bind to, and stimulate, GLD-2’s poly(A) 

activity (Eckmann et al., 2002; Kim et al., 2009, 2010; Suh et al., 2006; Wang et al., 2002). 

The working model is that the RNA-binding component provides target specificity allowing 

GLD-2 poly(A) polymerase to regulate a diverse range of targets (Kim et al., 2009, 2010). 

The identification of RNP-8 as an additional GLD-2 interacting protein provides insight 



 

23 

 

into the differences in synthetic mutant phenotypes observed between gld-2 and gld-3 

null mutants and other GLP-1/Notch components (Eckmann et al., 2004; Macdonald et 

al., 2008; Mohammad et al., 2018). 

As mentioned above, GLD-3, a member of the Bicaudal-C RNA binding protein 

family, complexes with GLD-2 to form a functional poly(A) polymerase (Eckmann et al., 

2002; Kim et al., 2009, 2010; Suh et al., 2006; Wang et al., 2002). GLD-3 is expressed 

throughout the germline in the cytoplasm of germ cells with a portion of GLD-3 localizing 

to P granules (Eckmann et al., 2002). GLD-3 expression is low in the distal end of the 

germline and the meiotic pachytene region; however, GLD-3 levels increase in the 

transition zone and are most abundant in developing oocytes (Eckmann et al., 2002). 

GLD-3’s expression is, in part, regulated by fbf-1 and/or fbf-2 as GLD-3 levels increase 

throughout the germline in fbf-1 fbf-2 mutant germlines (Eckmann et al., 2004). GLD-3 

functions to promote spermatogenesis in male and hermaphrodite germlines (Eckmann 

et al., 2002). Loss of gld-3 in hermaphrodite germlines results in abnormal or stacked 

oocytes and sterility due to defective spermatogenesis (Eckmann et al., 2002).  

1.5.3 SCFPROM-1 mediated protein degradation pathway 

 The SCFPROM-1 E3 ubiquitin-ligase complex is made up of SKR-2, CUL-1 and 

PROM-1 (Fox et al., 2011; Mohammad et al., 2018). E3 ligases, such as SCFPROM-1, 

function to provide target specificity within the ubiquitin mediated protein degradation 

pathway (Crews, 2003; Komander, 2009; Pickart, 2001). The SCFPROM-1 complex was 

found to promote meiotic entry through mediating the degradation of mitotic cell cycle 

proteins including cye-1, a known GLD-1 target, as well as positively regulating 
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homologous chromosome pairing (Biedermann et al., 2009; Fox et al., 2011; Jantsch et 

al., 2007; Mohammad et al., 2018; Nayak et al., 2002). Loss of SCFPROM-1 alone does not 

disrupt entry into meiosis; however, SCFPROM-1 functions redundantly with GLD-1 and 

GLD-2 pathways to promote meiotic entry (Mohammad et al., 2018). Loss of all three 

meiotic entry pathways (gld-2(0) gld-1(0); prom-1(0)) resulted in a significant reduction in 

the number of meiotic cells throughout the germline; however, low levels of meiotic entry 

was still detected in these mutants (Mohammad et al., 2018). This data highlights that 

additional unidentified regulators exist that function redundantly to promote entry into 

meiosis.    

1.5.4 Additional factors/pathways regulating GSC proliferation/differentiation 

 The pathways described above are the core regulators of stem cell fate within the 

C. elegans germline; however, additional factors/pathways that function to modulate the 

proliferation/differentiation balance within the germline have been identified (Hubbard & 

Schedl, 2019). Partial reduction of the proteasome in sensitized backgrounds results in 

over-proliferation of GSCs, suggesting proteins necessary for proliferation are selectively 

degraded in order for meiotic entry to occur (Macdonald et al., 2008). In addition to 

SCFPROM-1, other E3 ligases have been shown to be required to promote meiosis (Gupta 

et al., 2015). Loss of five E3 ligases/SRSs, specifically rfp-1, resulted in GSC over-

proliferation (Gupta et al., 2015). Further analysis of RFP-1 identified a downstream 

proliferation promoting protein, MRG-1 (Gupta et al., 2015). Other proliferation promoting 

proteins, or mitotic cell cycle regulators, are likely targeted by other E3 ligases functioning 



 

25 

 

to redundantly control GSC entry into meiosis alongside of the core meiotic entry 

pathways.  

In addition to the post-translational modulators, various genes within the pre-

mRNA splicing pathway have been identified of modulators of GSC 

proliferation/differentiation balance (Belfiore et al., 2004; Kerins et al., 2010; Mantina et 

al., 2009; Wang et al., 2012; Tsukamoto et al., 2020). Loss of various splicing factors, 

including prp-17, teg-4, and teg-1 result in GSC over-proliferation in sensitized genetic 

backgrounds (Belfiore et al., 2004; Kerins et al., 2010; Mantina et al., 2009; Wang et al., 

2012; Tsukamoto et al., 2020). Further genetic analyses determined that these factors 

are required to promote entry into meiosis.  

Sensitized backgrounds were required to identify the role of these modulators, with 

loss of the modulator alone having little to no impact on the proliferation/differentiation 

balance. This highlights that multiple mechanisms function redundantly to fine-tune the 

proliferation/differentiation balance alongside of the genetic core pathways. 

1.6 RNP germ granules 

 Ribonucleoprotein (RNP) granules, such as stress granules,  processing bodies 

(P body) and germ granules, are non-membrane bound organelles found in almost all 

animals (Reviewed by: (Marnik & Updike, 2019; Schisa, 2012; Voronina et al., 2011)). 

These organelles are thought to form due to RNA-RNA, and RNA-protein interactions, 

with many RNP proteins containing intrinsically disorder regions (Reviewed by (Marnik & 

Updike, 2019; Schisa, 2012; Tauber et al., 2020; Voronina et al., 2011)).  
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 Germ granules, a type of RNP granule, have been identified in Drosophila, 

Xenopus, zebrafish, mice and C. elegans (Reviewed by: (Marnik & Updike, 2019; Schisa, 

2012; Voronina et al., 2011)). Germ granules are thought to play a role in germ cell 

differentiation, germ cell fate specification, mRNA metabolism (posttranscriptional and 

translational regulation) and contribute to the function of small RNA pathways (Reviewed 

by:(Lev & Rechavi, 2020; Marnik & Updike, 2019; Schisa, 2012; Sundby et al., 2021; 

Voronina et al., 2011)). 

1.6.1 C. elegans germline specific RNP granules 

Germ granules in C. elegans were first characterized by Strome and Woods in 

1982. Germ granules are present within the one-cell zygote and segregate to the P cell 

lineage, and subsequent primordial germ cells Z2 and Z3, during embryogenesis (Strome 

& Wood, 1982). These germ granules are referred to as P granules due to their 

localization to the P cell lineage (Strome & Wood, 1982). P granules are present within 

all germ cells of the adult gonad except sperm (Strome & Wood, 1982). P granules 

localize to the nuclear periphery until oocyte development where, similar to embryonic 

cells, the P granules disperse throughout the cytoplasm (Strome & Wood, 1982). 

Maternal mRNAs necessary for embryonic germ cell specification 

and/development are passed down to offspring by accumulating in P granules of the 

developing oocyte (Lee et al., 2020; Seydoux & Fire, 1994). Additionally, a number of 

proteins localize to P granules in the embryo and adult germline, most of which possess 

RNA binding domains and/or function in RNA metabolism (Sundby et al., 2021; Updike & 

Strome, 2010). Among these are proteins involved in the proliferation/differentiation 
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balance including GLD-1, GLD-2, GLD-3, and FBF-2 (Eckmann et al., 2002; Ellenbecker 

et al., 2019; Jones et al., 1996; Voronina et al., 2012; Wang et al., 2002). DEPS-1, GLH-

1, PGL-1, and IFE-1 have been shown to be necessary for P granule formation, P granule 

function and recruitment of downstream P granule proteins (Amiri et al., 2001; Kawasaki 

et al., 1998; Spike et al., 2008). Loss of P granule associated genes, such as the four 

listed above, results in temperature sensitive sterility (Amiri et al., 2001; Kawasaki et al., 

1998; Spike et al., 2008). This highlights the role P granules play in germ line 

development, as a complete loss of P granules results in sterility due to delayed 

oogenesis. Moreover, P granules play a role in regulating gene expression, as loss of P 

granules results in germ cells losing their identity and expressing somatic markers 

(Updike et al., 2014). Various components of small RNA pathways, such as CSR-1, 

WAGO-1, PRG-1(PIWI), and EGO-1 have been found to localize to P granules in the 

adult germline (Batista et al., 2008; Claycomb et al., 2009; Gu et al., 2009).  

 Three other classes of germ granules have recently been identified; Mutator foci, 

Z granules and SIMR, which are all localized adjacent to P granules (Ishidate et al., 2018; 

Manage et al., 2020; Phillips et al., 2012; Wan et al., 2018). Mutator foci are independent 

granules that form in close contact to P granules. Mutator foci are required for siRNA 

amplification and contain mutator proteins, as well as the RNA dependent polymerase 

RRF-1 (Phillips et al., 2012). Loss of Mutator foci components results in a decrease in 

small RNAS (22G siRNAs) (Phillips et al., 2012). Z granules, containing WAGO-4 and 

ZNFX-1, are thought to promote the production of 22G siRNAs in order to maintain 

transgenerational piRNA-induced silent epigenetic states (Ishidate et al., 2018; Wan et 
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al., 2018). Loss of Z granule components results in a loss of inherited gene silencing in 

offspring (Ishidate et al., 2018; Wan et al., 2018). SIMR (siRNA-defective and mortal 

germline) granules contain the Tudor domain protein SIMR-1, which is thought to function 

to promote siRNA production by the mutator complex (Manage et al., 2020). Interestingly, 

P granules, Mutator Foci, and Z granules are found assembled in ‘PZM tri-condensates 

assemblages’ with Z granules functioning as a bridge between P granules and Mutator 

foci (Wan et al., 2018). This PZM aggregate is thought to regulate and localize the function 

of small RNA pathways allowing for nascent transcripts to be licensed via the CSR-

1/EGO-1 pathway, or repressed by the PRG-1/WAGO pathway (Sundby et al., 2021). 

Taken together, this highlights the role for these granules in regulating gene expression, 

epigenetic inheritance, and fertility (Sundby et al., 2021). 

1.7 The miRISC pathway 

 The microRNA Induced Silencing Complex (miRISC) is an RNP complex that 

functions to post-transcriptionally suppress target gene expression. In C. elegans miRISC 

silencing in the soma, but not the germline, involves mRNA destabilization (Dallaire et al., 

2018). miRNAs, a class of noncoding-RNAs, provide sequence specificity to the miRISC 

allowing for targeted repression. There are two classes of miRNAS identified in C. 

elegans; in one class miRNAs regulate a single target, while in the other class multiple 

miRNAs act redundantly with others to regulate multiple targets (Ambros & Ruvkun, 

2018). miRNA silencing requires proper transcription, processing, and loading of miRNAs 

onto the miRISC to regulate mRNA translation. In C. elegans pre-miRNA is processed 

into a mature miRNA by DCR-1 and then bound by an Argonaute protein (mainly ALG-



 

29 

 

1/-2), which facilitates the recruitment of additional factors forming a complete miRISC 

(Ambros & Ruvkun, 2018). A number of additional proteins have been identified to interact 

with the miRISC, including GLD-1, VIG-1, GLH-1, CGH-1, CAR-1, KIN-10 and RACK-1 

(Akay et al., 2013; Alessi et al., 2015; Dallaire et al., 2018; Jannot et al., 2011; Zhang et 

al., 2007). Several of these miRISC interacting proteins localize to P granules (GLH-1, 

CGH-1, CAR-1) (Dallaire et al., 2018). Moreover, mRNAs targeted by miRISC are found 

to accumulate near P granules (Dallaire et al., 2018). The localization of miRISC factors 

to P granules, and the localization of target mRNAs near P granules, suggests that P 

granules may be involved in miRNA mediated gene silencing (Dallaire et al., 2018).  

 Disruptions to miRISC, through loss of alg-1/-2 or select miRNAs, in the DTC 

results in a decrease in the stem cell pool (PZ size), reduced number of oocytes and a 

reduction in brood size (Irfan et al., 2012). This data highlights a role for miRISC in 

regulating C. elegans germ cell development, although non-autonomously. miRNAs have 

been identified to be germline enriched, specifically the mir-35-41 family, suggesting 

miRNA regulation may occur within germ cells themselves (Bezler et al., 2019; McEwen 

et al., 2016; Minogue et al., 2018). Similar to alg-1/-2 mutants, loss of the mir-35-41 family 

results in a decrease in the stem cell pool (PZ size) (Liu et al., 2011). Moreover, the mir-

35-41 family was found to regulate pachytene progression and oogenesis within the 

germline through regulating germ cell apoptosis (Doll et al., 2019; Minogue et al., 2018; 

Tran et al., 2019). The mir-44 family has been shown to promote spermatogenesis, as a 

loss of mir-44 or mir-45 results in a decrease in the production of sperm (Maniates et al., 

2021). The continued identification and investigation into germline enriched miRNAs may 
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uncover additional regulatory mechanisms governing germline development, including 

GSC proliferation. 

1.8 Receptor of Activated C Kinase RACK-1 

 Receptor of Activated C Kinase, RACK1, was first isolated and cloned from a rat 

brain cDNA library and identified for to its ability to bind activated Protein Kinase C 

(PKCII) (Guillemot et al., 1989; Ron et al., 1994, 1995; Ron & Mochly-Rosen, 1995; 

Stebbins & Mochly-Rosen, 2001). RACK1 is highly conserved between eukaryotic 

species including humans (RACK1), yeast (Asc1 – 52%), Drosophila melanogaster 

(RACK1 – 76%), Arabidopsis thaliana (RACK1 – 66%), and C. elegans (RACK-1 – 80%) 

(Jannot et al., 2011; Ullah et al., 2008). RACK1, and its orthologs, are WD (tryptophan 

aspartic acid) repeat containing proteins. Structural analysis uncovered that RACK1 

orthologs in human and yeast form a seven -propellor blade structure that is relatively 

conserved between species (Guillemot et al., 1989; Ron et al., 1994, 1995; Ron & Mochly-

Rosen, 1995; Stebbins & Mochly-Rosen, 2001). These blades arrange around a hollow 

core, resembling a propellor (Figure 1.4) (Guillemot et al., 1989; Ron et al., 1994, 1995; 

Ron & Mochly-Rosen, 1995; Stebbins & Mochly-Rosen, 2001). This propellor structure, 

which is characteristic of WD family proteins, enables interaction with a number of 

partners simultaneously, as interactions can occur on all ‘blades’ and surfaces of the 

protein (Stirnimann et al., 2010); therefore, WD family proteins are thought to function as 

scaffold proteins facilitating various protein-protein interactions.  

 In agreement with a role as scaffold protein, mammalian RACK1 can interact with 

various protein domains including C2, SH2, and plextrin homology (PH), allowing for 
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interactions with over 100 proteins (Reviewed in (Adams et al., 2011; Gandin et al., 

2013)); therefore, RACK1 plays a role in many cellular processes including ribosome 

assembly/protein translation (Reviewed in (Adams et al., 2011; Gandin et al., 2013)) , cell 

cycle regulation (Mamidipudi et al., 2007; McLeod et al., 2000; Núñez et al., 2010), and 

the miRNA pathway (Brosnan et al., 2021; Jannot et al., 2011; Otsuka et al., 2011; Speth 

et al., 2013). 

 

Figure 1.4  – Crystal structures of RACK-1/Asc1. Cartoon representations of the seven 

-propellor blade structures of (A) mammalian (human) RACK1 and (B) Saccharomyces 

cerevisiae Asc1/RACK1. The individual blades are depicted in different colours 

surrounding the hollow core. Mammalian RACK1 resolution 2.45 Å. S. cerevisiae 

resolution is 2.13 Å. Images from RCSB PDB (rcsb.org) of (A) PDB ID 4AOW (Ruiz 

Carrillo et al., 2012) (B) PDB ID 3FRX (Coyle et al., 2009). 
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1.8.1 RACK1’s role in ribosome assembly and protein translation 

RACK1’s interaction with PKCII was determined to regulate PKCII’s localization 

and activity through stabilizing PKCII in its active confirmation, in mammalian cell lines 

(Chinese Hamster Ovary cells, neonatal rat cardiac myocytes and NG108-15 mouse 

neuroblastoma X rat glioma hybrid cells) (Ron et al., 1994, 1999; Stebbins & Mochly-

Rosen, 2001). RACK1 interacts with PKCII’s C2 domain and is required to ‘shuttle’ active 

PKCII to various sub-cellular locations, facilitating PKCII substrate interactions (Ron et 

al., 1995, 1999; Stebbins & Mochly-Rosen, 2001).  

In human cell lines, RACK1 is required for ribosomal assembly through bridging 

PKCII substrate interactions (Ceci et al., 2003; Dobrikov et al., 2018). RACK1 is a 

conserved component of the eukaryotic ribosome and predicted to function through 

recruiting PKCII and other proteins (Reviewed in: (Adams et al., 2011). Eukaryotic 

ribosomal assembly requires recruitment of the 40S ribosomal subunit to mRNA 

(Reviewed by: (Jackson et al., 2010). eIF4G initiation factor functions to recruit other 

initiation factors, including eIF3, which is bound to the 40S ribosomal subunit (43S pre-

initiation complex) (Dobrikov et al., 2018; Villa et al., 2013). RACK1 is required for PKCII 

phosphorylation of both eIF4G1 and eIF3a, which is required for eIF4G1 and eIF3a 

interaction, and 40S ribosomal assembly on mRNA in human cell lines (Dobrikov et al., 

2018; Villa et al., 2013). Additionally, the RACK1 PKCII interaction in human cell lines 

facilitates the phosphorylation of another initiation factor, eIF6 (Ceci et al., 2003). eIF6 

binds to the 60S ribosomal subunit and prevents 80S formation (Ceci et al., 2003). 
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Phosphorylation of eIF6 by PKCII causes eIF6 release from the 60S subunit allowing for 

the formation of the 80S ribosomal subunit (Ceci et al., 2003). In yeast, Asc1/RACK1 has 

been shown to be required to promote, and inhibit translation (Thompson et al., 2016). 

Similar to RACK1, an interaction between Asc1 and eIF4G was proposed to be required 

for proper ribosome assembly and translation (Thompson et al., 2016). Conversely, 

another study on Asc1-ribosome interaction revealed that Asc1/RACK1 depleted yeast 

strains were found to have increased translational activity; however, no mechanism was 

proposed (Gerbasi et al., 2004). Overall, RACK1’s association with the ribosome, and 

RACK1’s recruitment of additional factors such as PKCII, are required for proper 

ribosome assembly and function (Ceci et al., 2003; Dobrikov et al., 2018). 

1.8.2 RACK1’s role in the miRNA pathway 

 As discussed above, the miRNA pathway functions to suppress mRNA translation, 

which can be coupled to transcript decay or transcript stabilization (Brosnan et al., 2021; 

Dallaire et al., 2018). A role for RACK1 in the miRISC pathway has been identified in 

humans, Arabidopsis, and C. elegans (Brosnan et al., 2021; Jannot et al., 2011; Otsuka 

et al., 2011; Speth et al., 2013); however, RACK1 appears to function in different steps in 

the miRISC pathway between the three species (Speth & Laubinger, 2014). In 

Arabidopsis, loss of rack1 results in a decrease in a subset of pre-miRNAs (early miRNA 

biogenesis), leading to a decrease in miRNA levels and an overall decrease in miRNA-

mediate gene expression (higher translation) (Speth et al., 2013). Loss of mammalian 

RACK1 also results in a decrease in a subset of miRNA-mediated gene expression 

(Jannot et al., 2011; Otsuka et al., 2011); however, RACK1 is required for recruitment of 
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mature miRNAs to the miRISC, which may be mediated by its interaction with KSRP, a 

protein involved in the maturation of miRNAs (Otsuka et al., 2011; Trabucchi et al., 2009). 

In C. elegans RACK-1 is required to recruit miRISC to active ribosomes, facilitating 

miRISC-mRNA interactions (Jannot et al., 2011).  

The differences in function in the same pathway between the three organisms is 

thought to be due to differences in RACK-1 protein interactions (Reviewed in: (Speth & 

Laubinger, 2014). In agreement with this, RACK1 interacts with ALG-2 in mammalian 

cells, and ALG-1/AGO1 in Arapidopsis and C. elegans (Jannot et al., 2011; Otsuka et al., 

2011; Speth et al., 2013). The interaction between ALG-2 and RACK1 appears to be 

conserved in Drosophila (Kuhn et al., 2017). Overall, these results demonstrate RACK1’s 

role in regulating gene expression via the miRISC pathway. Additionally, it demonstrates 

how RACK-1 may function to repress gene expression through mediating miRISC-

ribosome interactions (Gerbasi et al., 2004; Jannot et al., 2011). 

1.8.3 RACK-1’s roll in regulating the cell cycle 

Analysis of RACK1 in mammalian cell lines has demonstrated that it may be 

involved in regulating the cell cycle at various checkpoints (Chang et al., 2002; Chang et 

al., 1998; Mamidipudi et al., 2007; Mamidipudi et al., 2004). RACK-1 interacts with a 

number of enzymatic proteins, including protein tyrosine kinases (Gandin et al., 2013). 

These interactions either promote a protein’s function, as is the case for PKCII, or inhibit 

their function, as is the case for the protein tyrosine kinase Src (B Y Chang et al., 1998; 

Betty Y Chang et al., 2002; Ron et al., 1995, 1999; Stebbins & Mochly-Rosen, 2001). 

RACK1 binds and inhibits the activity of Src in mammalian cell lines (Chang et al., 2002; 
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Chang et al., 1998). The inhibition of Src activity results in a loss of the downstream 

phosphorylation cascade required for proper expression of cell cycle regulators, including 

cyclin D1 and Myc (Chang et al., 2002; Chang et al., 1998; Mamidipudi et al., 2007; 

Mamidipudi et al., 2004). Overexpression of RACK-1 inhibits Src activity, resulting in 

delayed G1/S progression (Chang et al., 2002; Chang et al., 1998; Mamidipudi et al., 

2007; Mamidipudi et al., 2004). Conversely, loss of RACK1 expression accelerated G1/S 

transition, similar to what is seen with Src overexpression (Chang et al., 2002; Chang et 

al., 1998; Mamidipudi et al., 2007; Mamidipudi et al., 2004). This data demonstrates that 

RACK1 functions as a negative regulator of G1/S progression by controlling the activity 

of Src. The RACK1-Src interaction is regulated by Src phosphorylation of RACK1, thereby 

facilitating RACK1’s binding to Src (Chang et al., 2002). This provides a mechanism to 

maintain an appropriate level of Src repression for proper cell cycle progression. 

 RACK-1 overexpression in mammalian cell lines also resulted in delayed exit from 

mitosis (G2/M progression) (Mamidipudi et al., 2007). This cell cycle delay depends on 

RACK1’s interaction and inhibition of Src activity. Src is required to inactivate downstream 

cell cycle regulators including cyclin B/CDK1 complex and Sam68 (Mamidipudi et al., 

2007). Inactivation of both are required for exit from mitosis (Mamidipudi et al., 2007). 

RACK1’s regulation of G2/M progression is conserved in fission yeast; however, 

Cpc2/RACK1 had no effect on the G1/S progression (Núñez et al., 2010). Loss of 

Cpc2/RACK1 results in a delay at the G2/M transition (Núñez et al., 2010). This delay 

appears to be dependent on Cpc2/RACK1’s ribosome association and regulation of the 

protein levels of the mitotic inhibitory kinase Wee1 (Núñez et al., 2010). 
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 Interestingly, Cpc2/RACK1 also plays a role in regulating the mitotic to meiotic 

transition in S. pombe.  Loss of Cpc2/RACK-1 results in a G2/M delay, similar to an 

activation of the meiotic inhibitory kinase Ran1 (Iino & Yamamoto, 1985; McLeod et al., 

2000; McLeod & Beach, 1988). Inactivation of Ran1, via protein-protein interactions, 

facilitates the entry into meiosis (Iino & Yamamoto, 1985; McLeod & Beach, 1988). 

Interestingly, Cpc2/RACK1 is not required for proper Ran1 levels, or activity as in the 

previous examples, but instead is required for proper Ran1 localization (McLeod et al., 

2000). This suggests that Cpc2/RACK1 may be required to mediate Ran1 protein-protein 

interactions that inhibit its activity thereby promoting entry into meiosis.  

These examples highlight that although RACK1 is highly conserved between 

species, as well as its function within pathways, how it exerts its influence varies widely 

based on its interaction with a diverse array of proteins.  

1.9 RACK-1 in C. elegans  

 As previously mentioned, RACK1 is highly conserved (80% identity) between 

humans and C. elegans (Jannot et al., 2011). Similar to yeast, rack-1 C. elegans mutants 

are viable but relatively unhealthy and slow growing (Demarco & Lundquist, 2010; 

Gerbasi et al., 2004; Núñez et al., 2010); whereas rack1 mutants result in lethality in mice 

(at gastrulation) and Drosophila (in early larval stages) (Kadrmas et al., 2007; Volta et al., 

2013). Loss of rack-1 in C. elegans, through RNA interference (knockdown) or mutant 

alleles, results in a decrease in the number of progeny produced (brood size - 60% and 

92% respectively) (Ai et al., 2009; Demarco & Lundquist, 2010). Investigation into this 

phenotype uncovered a conserved role of rack-1 in embryonic development, as loss of 
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rack-1 resulted in embryonic lethality in C. elegans, with 51% of embryos displaying 

cytokinesis defects (Ai et al., 2009). rack-1 controls embryonic development, in part, 

through regulating the localization of RAB-11 recycling endosomes, which are required 

to mediate cytokinesis (Ai et al., 2009; Giansanti et al., 2007). Skop et al., also identified 

defects in the germline membrane when rack-1 is knocked down, suggesting rack-1 may 

play a role in germline development, as well as embryogenesis. Additionally, the embryos 

produced by rack-1 depleted hermaphrodites were abnormally shaped and smaller in size 

(Ai et al., 2009). This small embryo phenotype was also observed upon loss of RACK1 in 

Drosophila (Kadrmas et al., 2007). 

rack-1 is also required for proper neuronal axon pathfinding, acting cell-

autonomously in the UNC-115/abLIM pathway to regulate axon outgrowth (Demarco & 

Lundquist, 2010). How exactly rack-1 regulates axon pathfinding remains unclear; 

however, rack-1 could be required for proper localization of UNC-115, or be required to 

maintain UNC-115 in an active state, similar to PKCIII, as an interaction between RACK-

1 and UNC-115 was identified (Demarco & Lundquist, 2010). RACK-1 expression within 

the DTC is also required for proper DTC migration during development, with 32% of 

animals displaying DTC migration defects; however, no possible interacting proteins were 

identified to explain how RACK-1 regulates this process (Demarco & Lundquist, 2010). 

RACK-1 is also involved in the miRNA pathway in C. elegans (as discussed in Section 

1.10.1) (Jannot et al., 2011).  
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In C. elegans RACK-1 appears to be required in various tissues and pathways in 

order for proper development to occur, which is consistent with RACK-1’s expression. 

Using extrachromosomal transgenes expressing labeled RACK-1, Demarco et al., 

determined that RACK-1 was expressed in the majority of cells in the hermaphrodite 

including neurons, DTC, and gut cells, but germline expression was not addressed 

(Demarco & Lundquist, 2010). RACK-1 was detected primarily in the cytoplasm with little 

to no expression within the nucleus (Demarco & Lundquist, 2010); however, RACK-1 has 

been detected in nuclear fractions from C. elegans extracts (Chu et al., 2014). 

Additionally, RACK-1 was detected in small puncta throughout the cytoplasm, and at the 

centrosomes and kinetochores of the developing embryo (Ai et al., 2009). 

The defects in embryo size and development, combined with disorganization of 

the germline membrane, suggests that rack-1 may play a role within the germline of C. 

elegans (Ai et al., 2009). In support of this, loss of rack-1 in the germline resulted in GSC 

over-proliferation in a sensitized background (Wang, 2013). This data demonstrates a 

requirement for rack-1 in the proliferation/differentiation balance of GSCs in C. elegans. 

1.10 Thesis goal and outline  

 The goal of my thesis is to characterize the role of rack-1 in regulating the 

proliferation/differentiation balance. As RACK-1 is a scaffold protein, I hypothesize that 

RACK-1 is required to regulate the localization and/or activity of key proteins within the 

GLP-1/Notch signaling pathway or the downstream meiotic entry pathways. Genetic 

analysis was performed with components of the GLP-1/Notch signaling pathway and 

meiotic entry pathways to determine if rack-1 function is required within these pathways 
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to regulate the proliferation/differentiation balance (Chapter 3). RACK-1’s expression 

within the germline was investigated using CRISPR generated tagged alleles (Chapter 

4). RACK-1 was then identified as a regulator of GLD-1 levels, and sub-cellular 

localization within the germline (Chapter 5). Finally, RACK-1’s regulation of GLD-1 

(localization and levels) was determined to be required for proper GLD-1 function within 

the germline (Chapter 6).  
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Chapter 2: Materials and Methods 

2.1 Strain maintenance  

 Animals were maintained at 20 C as per standard methods unless otherwise 

noted (Brenner, 1974). Briefly, animals were maintained on Nematode Growth Media 

(NGM) plates with E. coli OP50 bacterial lawns (Brenner, 1974). Strains were maintained 

by expanding one L4 (larval stage 4) hermaphrodite to a fresh plate every ~ five days. 

For experimental purposes worms were grown at 15 C and 25 C. For a list of all strains 

and genotype descriptions can be found in Appendix F. 

2.2 Bleaching to synchronize 

 Plates close to clearing (many worms with little to no bacterial lawn remaining) 

were cut into small pieces (~0.7 cm2) using a sterilized spatula and placed on new plates 

(‘chunked’ - one plate to ~ eight plates) in order to generate a large quantity of gravid 

adults and embryos. After two to three days of growing, the gravid adults and embryos 

were washed off the plates using double distilled H2O (ddH2O) and transferred into a 15 

mL falcon tube using a Pasteur pipette. The worms were pelleted by centrifugation for 

one minute at maximum speed (~1625 xg, setting 7, IEC centrifuge). The supernatant 

was removed by aspiration. Five mL of freshly prepared bleach solution (0.2 g NaOH, 2.5 

mL 5% Sodium hypochlorite, 7.5 mL ddH2O) was added to the worm pellet and vortexed 

vigorously for five minutes. The released eggs were pelleted by centrifugation for one 

minute at maximum speed (~1625 xg) and the bleach solution was removed by aspiration. 

Sterile phosphate buffered saline (PBS) was used to wash the pellet and remove any 

remaining bleach solution. Five mL of PBS was added, centrifuged for one minute at 

maximum speed (~1625 xg) and the supernatant removed by aspiration. This was 
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repeated three times. The pellet was then transferred (poured) to a 50 mL falcon tube 

after resuspending in ten mL sterile PBS. To allow for aeration, the cap was not sealed 

completely and instead was left slightly ajar and tapped down. The 50 mL tube was placed 

on an orbital shaker at 20 C for one to two nights. Due to the absence of nutrients, the 

collected embryos hatch and arrest at the L1 stage. Following the overnight arrest, the 

worms were transferred (poured) into a 15 mL falcon tube and centrifuged for one minute 

at medium speed (~600 xg, setting 4-5, IEC centrifuge). The supernatant was removed 

by aspiration and the pellet was washed two times by adding five mL sterile PBS and 

centrifuged for one minute at medium speed (~600 xg) and the supernatant removed by 

aspiration. The pellet was then resuspended by gentle mixing with a sterile Pasteur 

pipette. The synchronized worms were then dropped onto fresh NGM OP50 plates using 

a sterile Pasteur pipette. The worms were then put at the appropriate temperature 

required for experimentation. For majority of the experiments the synchronized worms 

were placed at 20 C for two days until they reached the L4 stage. For all experiments, 

animals carrying rack-1(tm2262) or rack-1(ok3676) were left for three nights to reach the 

L4 stage.  

2.3 Whole worm lysis 

 In order to access the DNA from worms for genotyping through PCR amplification, 

the worm, and its cells, need to be lysed. To do this, single or multiple worms of interest 

were placed into a PCR tube containing five L of worm lysis buffer (WLB – 50 mM KCl, 

10 mM Tris-HCl pH 8.2, 25mM MgCl2, 0.45 % NP-40, 0.45 % Tween-20, 0.01 % gelatin 

and 100 μg/mL Proteinase K). The tubes were sealed with lids, and quickly dipped in 
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liquid Nitrogen for freeze cracking. The PCR tubes are then placed in a thermocycler and 

incubated for 60 minutes at 60 C followed by 95 C for ten minutes. The released DNA 

can then be used for PCR amplification or stored at -80 C for future use. 

2.4 PCR amplification 

 To perform PCR amplification, 2.5 L or 5 L of worm lysis was mixed with 1x PCR 

reaction buffer to a volume of 25 L. 1x PCR reaction buffer contains 2.5 L 10x PCR 

buffer (100 mM Tris-HCL pH 8.3, 500 mM KCl), 1 L 50 mM MgCl2, 0.5 L 10mM dNTPs, 

1 L forward primer (10 pmol/L), 1 L reverse primer (10 pmol/L), 0.5 L 1x Taq 

Polymerase (homemade) and 16.5 L ddH2O). The PCR amplification program consisted 

of 35x cycles (94 C 5 mins, [denature - 94 C 30 sec, anneal – 50-57 C 30 sec, 

elongation – 72 C 30 sec- 1 min 45 sec] 35 times, 72 C 7 mins, 21 C hold].  

 Following PCR, 6 L of 5X Loading dye (0.4 % Bromophenol Blue, 0.4 % Xylene 

Cyanol, 50 % glycercol in ddH2O) was added to each tube, unless the sample was to be 

sent for sequencing (see below). 12.5 L of the mixture was then loaded onto a 1-2 % 

agarose gel made in 0.5 X TBE (45 mM Tris-borate, 1 mM EDTA) and electrophoresed 

at 120 V until proper separation was achieved.  

 For all primers and sequences used in this thesis refer to Appendix E. 

2.5 Sequencing preparation 

 If the amplified sample was prepared for genotyping by sequencing, only five L 

of the PCR amplified reaction was used for PCR verification. To do this five L was added 

to ten L of ddH2O and five L of 5x Loading Dye. This mixture was loaded onto a 1 - 2% 
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agarose gel and electrophoresed at 120 V until proper separation was achieved. This gel 

analysis was performed to verify that the correct sequence was amplified, with no 

background bands present. The remaining PCR reaction was subject to PCR clean up 

with the Promega Wizard SV Gel and PCR Clean-up System (A9282), following the 

manufactures protocol. The only deviation from protocol was during the final elution, 

where 25 L nuclease-free water (Thermofisher Scientific, Catalog #AM9939) was used 

instead of the supplied elution buffer. ~100 ng of purified PCR product was mixed with 

one L of primer (10 pmol/L) in nuclease-free water up to 20 L total volume to prepare 

final sequencing mixture to be sent to the University of Calgary Core DNA services for 

sequencing analysis. 

2.6 Brood size assay 

 To analyze the number of embryos laid and progeny produced per worm of a 

specific genotype a brood size assay was performed. L4 hermaphrodites were placed on 

individual plates and allowed to lay eggs for 24 hours. After 24 hours the worm was picked 

onto a new plate. This process was repeated until no embryos were produced (~six days). 

On the same day the parental worm was transferred of the plate, the embryos on that 

plate were counted. The embryos were allowed to hatch and develop for two to three 

nights at which point the number of hatched worms on each plate were counted. For each 

individual worm, the number of embryos produced, and number of hatched worms 

produced was summed. These values were then averaged for all worms of a specific 

genotype (n > ten), and the standard deviation determine. The percent embryonic viable 
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was determined by dividing the average number of hatched worms by the average 

number of embryos produced.  

2.7 Gonad dissection  

 For analysis of germline protein expression and/or germline phenotypes, one day 

past L4 (adult) animals were used. ~150 animals were picked per genotype at the L4 

stage onto a fresh NGM OP50 plate and left to grow overnight at the respective 

temperature (15 – 20 C). The following day the worms were transferred from the plate 

into a clean microcentrifuge tube (rinsed with PBS plus 0.1% Tween-20 (PBT)) using 

ddh2O (2 x 750 L washes) and a Pasteur pipette. The worms were pelleted by 

centrifugation at 1,000 g and the supernatant removed by aspiration. The pellet was 

rinsed one to three times with ddH2O (one mL) to remove any bacteria. The worms were 

then transferred to clean watch glass (cleaned with compressed air to remove any fibers 

and rinsed with PBT) using 1.5 mL ddH2O. To paralyze the worms, five L of 100 mM 

Levamisole was added to the watch glass. The worms were then dissected but cutting 

the head away from the rest of the body of the worm using two ten mL syringes with 10 

5/8G needles. Once all of the worms were dissected as much PBS as possible was 

carefully removed using a Pasteur pipette ensuring no dissected animals or extruded 

gonad arms were removed. Gonad arms were immediately fixed with 600 L of 3 % 

paramformaldehyde/0.1 M K2HPO4 in ddH2O for seven minutes. At the six-minute time 

point, the dissected worms were transferred, using a Pasteur pipette, into a small glass 

culture tube cleaned with compressed air (6 x 60 mM Kimax-51). The dissected worms 

were spun down at ~600 xg (setting 4-5, IEC centrifuge), the supernatant was aspirated 
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off. The pellet was washed three times with 500 L of PBT, spinning down at (~600 xg) 

and removing the supernatant in between.  

If primary and secondary antibodies were used for subsequent analysis, 500 L of 

ice-cold methanol (stored at -20 C) was added following the three PBT washes. The 

tubes were covered with parafilm and stored at -20 C until subsequent processing. After 

at least one night incubation, the dissected worms are washed three times with 500 L of 

PBT.  

2.8 Detection of endogenously expressed fluorescent proteins and 

immunostaining 

If endogenously expressed proteins (such as GFP or RFP) were to be detected, 

the above protocol was followed but after following the three PBT washes, 500 L of 0.5 

% Triton in PBS was added to the tubes and incubated for ten minutes. Following the 

incubation, the tubes were centrifuged at ~600 xg (setting 4-5) for one minute and the 

supernatant removed by aspiration. The worms were then washed three times with 500 

L of PBT. All analyses using strains with endogenously expressed fluorescent proteins 

still required detection of other proteins using antibodies; therefore, the remaining 

immunostaining steps are the same as in the follow section.  

2.9 Immunostaining  

Following the final PBT washes from the protocols above, the dissected animals 

were then blocked using ~100 L of 3 % Goat Serum in PBS for one hour and 30 minutes 

at room temperature. The tubes were centrifuged at ~600 xg (setting 4-5) for one minute 

and the blocking solution removed by aspiration. A minimum of 50 L of primary antibody 
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diluted in 3% goat serum was added to each tube. The tubes were covered with parafilm 

and incubated overnight at 4 C. For information on primary antibodies used in this thesis 

refer to Table 2.1. The following day, the tubes were centrifuged at ~600 xg (setting 4-5) 

for one minute and the antibody solution was removed by aspiration. The dissected 

worms were then washed three times with 500 L of PBT with a five-minute wait between 

each wash. The tubes were centrifuged at ~600 xg (setting 4-5) for one minute, and 

supernatant removed by aspiration in between the washes. The secondary antibody 

diluted in 3% goat serum was then added to each tube, the tubes were incubated in the 

dark at room temperature for one hour 30 minutes. For information on secondary 

antibodies used in this thesis refer to Table 2.2. Following secondary incubation, the 

dissected worms were washed three times with 500 L with five-minute incubations in 

between, the same as described above. During incubation steps the tubes were kept in 

the dark. The dissected worms were then washed once with PBS and incubated for five 

minutes with 500 L of DAPI (1 mg/mL - 4’, 6- diamidino-2-phenylindole dihydrochloride) 

diluted 1:1000 in PBS. The DAPI solution was removed by aspiration following a one 

minute spin at ~600 xg (setting 4-5). The stained gonads were either mounted 

immediately for imaging, or topped with 500 L of PBS, covered with parafilm and foil, 

and stored at 4 C for up to five days.  

For imaging, the majority of the liquid was removed from the tubes and the 

dissected gonads were transferred onto a slide containing a 1% agarose pads using a 

Pasteur pipette. Excess liquid was removed using a Kimwipe. Additionally, extruded 
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gonad arms and the remaining worm carcasses were spread out on the agarose pad 

using a torn edge of a Kimwipe prior to covering with a coverslip. Images were acquired 

using a Zeiss Axioimager Z1 microscope with AxioVision software.  

Table 2.1 – Primary antibodies used for immunostaining  

 
 

a 9E 10 was deposited to the DSHB by Bishop, J.M. (DSHB Hybridoma Product 9E 10). 
b 4A5 was deposited to the DSHB by Greenstein, D. (DSHB Hybridoma Product 4A5). 

 

Table 2.2 – Secondary antibodies used for immunostaining 

Antibody Source Catalog # Species Dilution 

REC-8 Loidl lab  Rat 1:200 

HIM-3 Zetka lab  Rabbit 1:750 

RACK-1 Santa Cruz SC-17754 Mouse 1:500 

FLAG M2 Sigma F1804 Mouse 1:1000 

V5 Invitrogen R960-25 Mouse 1:1000 

GLD-1 Schedl lab  Rabbit 1:100 

c-MYC DSHB 9E10a Mouse 50 L/tube 

MSPb DSHB 4A5 Mouse 50 L/tube 

Antibody Source Catalog # Species Dilution 

Alexa488 Invitrogen A21208 Rat 1:200 

Alexa 488 Invitrogen A21202 Mouse 1:400 

Alexa488 Invitrogen R37118 Rabbit 1:400 

Alexa594 Invitrogen A21207 Rabbit 1:500 
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2.10 Staining protocol for intensity measurement comparisons 

 For experiments when the intensity measurements of a protein of interest (SYGL-

1::3XFLAG or GLD-1) was compared between two different genetic backgrounds the 

immunostaining protocol differs from above after the blocking step. One genotype was 

incubated with a primary antibody solution (typically -REC-8) in 3% goat serum overnight 

while the other genotype remained in only 3% goat serum, in order to differentiate 

between the two genotypes as they will be on the same slide. The following day, the tube 

containing the antibody solution was spun down at ~600 xg (setting 4-5) for one minute 

and the antibody solution was removed by aspiration. The dissected worms were then 

washed four to five times with 500 L of PBT with a five-minute wait between each wash. 

The tube was centrifuged at ~600 xg (setting 4-5) for one minute, and the supernatant 

removed by aspiration between the washes. The tube containing only goat serum was 

centrifuged at ~600 xg (setting 4-5) for one minute, and the supernatant was removed by 

aspiration. The primary antibody incubated genotype was transferred to the tube with the 

other genotype using 500 L of PBT and a Pasteur pipette. The combined worms were 

pelleted using a one-minute spin at ~600 xg (setting 4-5). The second primary antibody 

raised against the protein whose expression was to be compared (-GLD-1 or -FLAG) 

diluted in 3 % goat serum was added to the tube. The tube was covered with parafilm and 

left overnight at 4 C. The remaining steps of the protocol were the same as described 

above.   

 Since both genotypes were mounted on the same slide, the intensity 

measurements for the protein of interest can be more accurately compared. Three 
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individual gonads from each genotype were first measured. The shortest exposure time 

that was automatically determined by the software was recorded (meaning the highest 

measured intensity) and was manually further reduced by at least 100 ms in order to 

ensure that there was no overexposure; that exposure time was used to image all 

remaining germlines on the slide. Images were acquired using a Zeiss Axioimager Z1 

microscope with AxioVision software. 

2.11 Image analysis for intensity measurements 

 In order to determine intensity measurements, images were analyzed using FIJI 

(Schindelin et al., 2012). The segmented line tool was used to manually draw a line along 

the area of interest (from the distal tip to loop, for example). The ‘line width’ was set to 25 

pixels and spline-fit was selected in FIJI. Plot profile was used to determine the pixel 

intensity data across the length of the line. The value at each distance was the average 

of all values obtained across the 25 pixel width. The plot prolife and distance for each 

gonad analyzed was saved in an excel file. For each genotype, the plot profiles of all 

measured gonads were averaged, and the standard deviation determined. The average 

plot profiles were utilized to graph and compare the expression profile between 

genotypes. The plot profiles for each genotype ends at the same intensity measurement. 

This was thought of as the baseline or background value for the proximal end of the 

germline. The area under the curve for each genotype was calculated using excel. The 

percent reduction was obtained by dividing the area for the genotype of interest by the 

control genotypes area and subtracting that value from 100. 
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 The image analysis for SYGL-1::3XFLAG expression was conducted by Dr. Ryan 

Smit. The analysis was similar to what is described above; however, the manual line was 

drawn from the distal tip to beyond the end of detectable SYGL-1 expression. This allowed 

for background staining inside the germline to be determined. For control animals the 

average background staining was ~1709 arbitrary units vs 1773 arbitrary units in rack-

1(tm2262) germlines, demonstrating that the background was comparable between 

genotypes. Each individual germline was then corrected based on its internal background 

measured (the last value obtained from the plot profile). These corrected values were 

averaged for each genotype and the standard deviation obtained. The average plot 

profiles were utilized to graph and compare the expression prolife between genotypes. 

As the area of interest was primarily the proliferative zone, the distance obtained from the 

plot profile was corrected to germ cell diameters by dividing the distance in m by 4.5 

m/gcd, a previously determined conversion factor based on the average germ cell size 

(Lee et al., 2016). Additionally, the SYGL-1 expression extent was determined by 

counting the distance in germ cell diameters from the distal tip to the end of SYGL-1 

expression, as described below. The values obtained were very similar; N2 converted 

distance = 13.3 gcd vs counted = 13 gcd; rack-1 converted = 10.5 gcd vs counted = 11 

gcd. This demonstrates that the conversion factor 4.5 m/gcd can accurately be used.  

2.12 Analyzing the size of the proliferative zone 

FIJI was used to determine the extent of REC-8 (proliferative marker) expression 

as measured in germ cell diameters. Images were opened in FIJI using the hyperstack 

option so it was easy to switch between channels. The segmented line tool was used to 
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draw a line starting at the distal most end of the germline until the end of REC-8 

expression. Once the channel was switched to DAPI the line was then saved onto the 

image using the draw tool (CTRL D). The nuclei were counted along the edge of the 

germline on both sides and averaged to obtain the extent of REC-8 positive cells per 

germline. The multipoint tool was used to mark off each counted nuclei. Once all 

germlines had been counted the averages and standard deviation for each genotype was 

calculated.  

To count the total number of cells within the proliferative zone, Z-stack images 

were obtained of the distal end of each germline. FIJI was used for image analysis using 

the cell counter window. A different cell counter colour was used every three stacks to 

ensure that new nuclei were counted until all the stacks had been analyzed. After all 

germlines were counted the average and standard deviation was determined for each 

genotype.  

2.13 Whole mount DAPI 

Some germline phenotypes were able to be identified by whole mount DAPI 

staining, specifically looking for Glp germlines, as the missing germline cells are quite 

obvious while looking through the animal body. For these experiments, ~150 animals 

were picked per genotype at the L4 stage onto a fresh NGM OP50 plates and left to grow 

overnight at the respective temperature (15 – 25 C). The following day the worms were 

transferred from the plate into a clean microcentrifuge tube using ddH2O (2 x 750 L 

washes) and a Pasteur pipette. The worms were pelleted by centrifugation at 1,000 xg 

for one minute and the supernatant removed by aspiration. One mL PBS containing 2.5 
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L levamisole was added to the tube and left for five – seven minutes. The worms were 

pelleted by centrifugation at 1,000 xg for one minute and the supernatant removed by 

aspiration. The worms were transferred into a small glass culture tube cleaned with 

compressed air (6 x 60 mM Kimax-51) using 600 L PBS and a Pasteur pipette. The 

tubes were centrifuged at 600 xg (setting 4-5) for one minute, and supernatant removed 

by aspiration. 600 L of cold methanol (stored at -20 C) was added to the tube. The tube 

was covered with parafilm and stored at – 20 C overnight. The following day the tubes 

were centrifuged at 600 xg (setting 4-5) for one minute, and the methanol removed by 

aspiration. The tubes were washed two – three times with 500 L PBT (spinning at 600 

xg (setting 4-5) in between washes). 500 L of DAPI diluted in PBS (1:1000) was added 

to the tube and incubated for five minutes. The DAPI solution was removed by aspiration 

following a one-minute spin at ~600 xg (setting 4-5). The worms were either mounted 

immediately for imaging, or topped with 500 L of PBS, covered with parafilm and foil, 

and stored at 4 C for up to five days.  

2.14 Western Blot analysis and intensity measurements 

 For western blot analysis, 100 L4 or one day past L4 worms were used. For one 

day past L4 stage, 100 L4s were picked on to a fresh NGM OP50 plate and left to grow 

overnight at 20 C. If using L4 animals, 100 L4 animals were picked to a new NGM OP50 

plate and washed off the same day. The worms were washed off the plate and transferred 

to a clean microcentrifuge tube using ddH2O (2 x 750 L washes) and a Pasteur pipette. 

The worms were pelleted by centrifugation at 1,000 xg and the supernatant removed by 
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aspiration. The worms were washed three to four times with PBS (one mL) with five-

minute waits in between washes. The worms were centrifuged at 1,000 xg for one minute 

and the supernatant was removed by aspiration. Once all the bacteria was washed out 

(supernatant clear), the volume in the tube was reduced to approximately 20 L volume. 

Five L of 5X sample buffer (250 mM Tris-HCl, pH 6.8, 10 % SDS, 20 % glycerol, 0.05 % 

bromophenol blue, 5% 2-mercaptoethanol) and stored at -80 C for future use or ran on 

an SDS-PAGE gel immediately. 

 A 10% or 12.5% SDS-PAGE gel was used to resolve the proteins. The gels were 

run at room temperature at 110 V for ~2 hours and 15 minutes in 1X SDS-PAGE Running 

buffer (25 mM Tris,192 mM Glycine, 0.1% SDS). The proteins were then transferred to a 

0.2 M nitrocellulose membrane (Bio-Rad, #1620097) using a Mini-Trans Blot Cell (Bio-

Rad). The proteins were transferred for one hour at 110 V using ice-cold 1X Transfer 

buffer (25 mM Tris, 192 mM Glycine, 20% Methanol) with the outside of the apparatus 

surrounded by ice to keep it cold. After transferring, the membranes were trimmed, or cut 

into segments to allow detection of proteins of differing size to be performed 

simultaneously. The trimmed blot was blocked in 5% milk in TBS (tris buffered saline -

(137 mM NaCl, 2.5 mM KCl, 25 mM Tris pH 7.4) for one hour 30 minutes at room 

temperature. The blocking milk was discarded and the primary antibody diluted in 5% milk 

in TBS was added to the blot and incubated overnight at 4 C. For information on primary 

antibodies used for western blots in this thesis, refer to Table 2.3.  
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The following day the blot was washed two times for five minutes with five mL 

0.05% Tween-20 in TBS (TBST), followed by three washes with five mL TBS for five 

minutes. The secondary antibody diluted in 5% milk in TBS was added to the blot and 

incubated at room temperature for one hour and 30 minutes. For information on 

secondary antibodies used for western blots in this thesis, refer to Table 2.4. Following 

this incubation, the blot was again washed twice with five mL TBST for five minutes, 

followed by three washes with five mL TBS for five minutes. The membrane was then 

developed by chemiluminescence using Amersham ECL Select Western Blotting 

Detection Reagent (GE Healthcare Life Sciences, Catalog #RPN2235) using the 

Amersham Imager 600.  

If blots were probed with more than one antibody, the signal on the blot was killed 

by incubating in five mL of 100 mM Sodium azide in 5% skim milk in PBS for one hour 30 

minutes at room temperature. The next primary antibody diluted in 5% skim milk in PBS 

was added and the exact protocol described above was followed.  

Western blot images were analyzed using FIJI to compare band intensities for 

proteins of interest (GLD-1) between genotypes. Tubulin expression was used as the 

loading control, with the intensity from wildtype (N2) animals treated as 100% value. The 

rectangle selection tool was used to draw a rectangle around the tubulin band in the 

control lane. Then Analyze -> Gels -> Select first lane (or CTRL 1) to set the selection as 

the first lane. The rectangle was then dragged over to the tubulin band in the rack-1 

mutant lane and selected using Analyze -> Gels -> Select next lane (CTRL 2). The profile 
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plot was then obtained by Analyze -> Gels -> plot lanes (CTRL 3). The straight line tool 

was used to enclose the peak (representing intensity of the band) in both lanes, allowing 

for the total area under the peak to be determined. This was performed using the Wand 

tool and selecting the area for each lane and selecting Analyze -> Gels -> Label peaks. 

The values obtained for each lane, area and percent, were copied into excel. The percent 

value from the control lane was then used to calculate the relative intensity for the tubulin 

band from the rack-1 mutant lane by dividing the rack-1 percent value by the control 

percent value. The relative intensity for the control was set to 1.0. This analysis was 

repeated for the GLD-1 bands for each genotype, and relative intensity obtained.  

The relative intensities obtained from the GLD-1 bands were adjusted based upon 

the relative intensities of the loading control (correcting for any difference in total protein 

loaded). This adjusted intensity was determined by dividing the GLD-1 relative intensity 

obtained for the rack-1 mutant lane by the tubulin relative intensity obtained for the rack-

1 mutant lane. As the wildtype/control lane was always set to 1 the adjusted intensity 

remains the same (=1). This was repeated for two independent blots. The adjusted 

intensities were averaged, and the standard deviation calculated and plotted as average 

normalized intensity ratios.  
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Table 2.3 – Primary antibodies used for western blot analysis 

 
 

a MH16 was deposited to the DSHB by Waterston, R.H. (DSHB Hybridoma Product MH16) 

 

Table 2.4 – Secondary antibodies used for western blot analysis 

 

2.15 Generation of the C-terminal CRISPR tagged rack-1 alleles 

 To CRISPR tag the C-terminus of RACK-1, the design protocol, using double 

stranded DNA (dsDNA) asymmetric-hybrid donors (repair template) described by the 

Mello lab was followed (Dokshin et al., 2018). The guide RNAs were designed using IDT’s 

Custom Alt-R CRISPR-Cas9 guide RNA tool (available online at idtdna.com). A guide 

was selected whose NGG site was located ten base pairs upstream of the desired insert 

site (right before the stop codon, TAA). This guide was ordered as an Alt-R CRISPR-Cas 

9 crRNA (2 nmol), along with the Alt-R CRISPR-Cas9 tracrRNA (5 nmol, designed by the 

Antibody Source Catalog # Species Dilution 

RACK-1 Chen Lab  Rabbit 1:5000 

V5 Invitrogen R960-25 Mouse 1:5000 

Tubulin Sigma T6199 Mouse 1:5000 

MH16 
(paramyosin)a 

DSHB M16 Mouse 2.5 – 5 mL 

GLD-1 Schedl lab  Rabbit 1:1000 

Antibody Source Catalog # Species Dilution 

HRP Invitrogen 9186491 Mouse 1:5000 

HRP VWR CA95017-328L Rabbit 1:5000 
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company). All guide RNAs were resuspended in IDT duplex buffer to achieve a stock of 

100 M. These were further diluted to obtain a working stock of 20 M. Both stocks were 

stored at -20 C. 

In order to ensure our CRISPR reagents were functioning correctly and injections 

were successful, the dpy-10 gene was also targeted simultaneously (dpy-10(cn64) 

conversion) (Arribere et al., 2014; DNA Technologies, 2016). The guide RNA was ordered 

as an Alt-R CRISPR-Cas 9 crRNA (2 nmol) (Design ID - Ce.Cas9.DPY-10.1.AQ). The 

tracrRNA and dpy-10 guide RNA (crRNA) were also pre-annealed by mixing equal 

volumes of the 20 M stocks and incubating at 94 C for two minutes. Because the dpy-

10 loci edits efficiently, the dpy-10 guide was used at a ~1:10 ratio to the rack-1 guide, as 

per the Dernburg’s labs recommendation (DNA Technologies, 2016); therefore this 

mixture was diluted by a factor of two and used at a ratio of one L to five L of rack-1 

guide. This mixture was either stored at -20 C for future use or used immediately. A 

single-stranded oligo repair template (AF-ZF-827) was ordered from IDT (Arribere et al., 

2014). 

Protein Cas-9 was used for injections (Alt-R S.p Cas9 Nuclease V3, 100 g, from 

IDT). The Cas-9 protein was split into five g aliquots (0.5 L) and stored at -80 C to 

avoid freeze thaw cycles. 

The repair template was created either by ordering the full sequences as 200 base 

pair ultramers from IDT, or through amplification off a plasmid using both ultramers from 
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IDT, or regular oligos (described in detail below). The ultramers for V5::2xFLAG were 

resuspended in nuclease-free water (Thermofisher Scientific, Catalog #AM9939) to a 

concentration of one g/L and stored at -20 C. The ultramers for V5::GGG::SBP were 

resuspended in nuclease-free water to a concentration of 100 M and a working stock of 

ten M to be used in PCR amplification.  

Figure 2.1 – rack-1 CRISPR design. rack-1 coding sequence with 55 base pair 

homology arm sequences marked with a blue box. The stop codon is in red. The insertion 

site is marked by a black triangle ( ). The 20 base pair guide RNA sequence is highlighted 

in yellow, and the corresponding NGG site highlighted in blue.  

 

2.15.1 V5::2xFLAG tagging 

 The tracRNA and guide RNA (crRNA) were pre-annealed by mixing equal volumes 

(ten L) of the 20 M stocks and incubating at 94 C for two minutes in a thermocycler as 

per the Dernburg’s labs recommendation (DNA Technologies, 2016). This mixture 

(tracrRNA::rack-1crRNA) was either stored at -20 C for future use or used immediately.  

 For the V5::2xFLAG tag the dsDNA asymmetric-hybrid donor was designed with 

55 base pair homology arms upstream and downstream of our insertion site, not the 

targeted NGG site (5’HA-V5-2xFLAG-3’HA). The V5::2xFLAG insert was 90 base pairs, 

 
 
CGGATACACCGATAACATCATCCGAGTGTACCAGGTGTCGATCCGTGCTTCCAACTAAt t t g t t a c c t g t t a a t t c a a a a c c c t t c a a t a a a a t t g t t g a t a t a a t t t t g  
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
GCCTATGTGGCTATTGTAGTAGGCTCACATGGTCCACAGCTAGGCACGAAGGTTGATTAAACAATGGACAATTAAGTTTTGGGAAGTTATTTTAACAACTATATTAAAAC 
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and with the homology arms (55/side) was a total size of 200 base pairs. The top and 

bottom strands were ordered as four nmole ultramer DNA oligos from IDT (repair 

ultramer) (max length 200 base pairs). Additionally, the V5::2xFLAG tag alone (no 

homology arms or stop codon) was ordered as a four nmole Ultramer DNA oligos from 

IDT (repair ultramer) (top and bottom strands). This provided four oligos with which the 

various dsDNA asymmetric-hybrid donors can be formed form (Dokshin et al., 2018).  

 The injection mix was made by first complexing the Cas9 protein (0.5 L / five g) 

with the tracrRNA::rack-1crRNA mix (five L of ten M) and tracrRNA::dpy-10crRNA mix 

(one L of five M) for ten minutes at 37 C. To make the repair template the rack-1 repair 

ultramers were mixed in a 1:1:1:1 ratio (one g each, total four g) and allowed to anneal 

using a thermocycler, running the following protocol (obtained from Dokshin et al., 2018 

– ‘95 ºC - 2:00 min; 85ºC - 10 sec, 75 ºC - 10 sec, 65 ºC -10 sec, 55 ºC - 1:00 min, 45 ºC 

- 30 sec, 35 ºC-  10 sec, 25 ºC - 10 sec, 4 ºC – hold) (Dokshin et al., 2018). All four g of 

dsDNA donor (four L) was then added to the Cas9::guideRNA complex, along with the 

dpy-10 ssDNA repair oligo (one L of ten M) and topped to 20 L using nuclease-free 

water (~4.5 L). The injection mixture was centrifuged at maximum speed (21,300 xg) for 

two minutes. 17 L of the mixture was then transferred to a new tube and left on ice to be 

injected. All injections were performed by Dr. Dave Hansen.  

 Following injections, the injected worms that survived were transferred to their own 

plates and left for ~four to five days to produce progeny. The plates were screened for 

the presence of the Dumpy or Roller phenotypes, which suggests successful CRISPR at 
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the dpy-10 locus. Plates with a large number of Dumpy and/or Roller worms were 

expanded to multiple plates by placing one Dumpy or Roller worm onto a new plate. 

These worms were allowed to self for one to two nights. The parental worm was then 

picked for worm lysis and subsequent PCR screening for editing of the rack-1 gene (~90 

bp upshift). Plates heterozygous for the CRISPR-insert were then expanded to eight 

plates (one progeny per plate) and allowed to self for two nights and again picked for 

worm lysis and PCR to look for homozygous CRISPR worms. Once homozygous worms 

were found, they were sent for sequencing to verify that no mutations were accumulated 

during CRISPR editing. Four strains, from independent CRISR insertion events, were 

then analyzed for wildtype expression by western blot analysis, as described above.  

2.15.2 V5::SBP tagging 

 The same guide RNA was used to tag rack-1 with V5::SBP (streptavidin binding 

protein); however, the dsDNA asymmetric-donor template (repair template) was designed 

differently due to the V5-GG-SBP tag used being too large to order as a 200 bp IDT 

ultramer. The tag consists of the V5 epitope sequence, followed by three glycine residues 

(short spacer) and then the SBP sequence. The SBP sequence was previously obtained 

by our lab from Dr. Sui-. Lam Wong and edited for optimal C. elegans expression 

(pDH475) (Wu & Wong, 2013).  

To obtain the complete dsDNA donor template, two ultramers were designed as 

described by Dokshin et al., 2018  (Dokshin et al., 2018) (5’HA-V5-GGG-SBP-3’HA). The 

first contained the 55 base pair upstream homology arm followed by the V5 and glycine 

sequences and the first 20 base pairs of the SBP sequence. The second ultramer 
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contained the 55 downstream homology arm (including the stop codon), followed by the 

last 20 base pairs of the SBP sequence. These ultramers were used to amplify the 

optimized SBP sequence (pDH475) creating the double stranded product 5’HA-V5-GGG-

SBP-3’HA. 

To amplify the tag only sequence (V5-GGG-SBP) two additional oligos were 

designed. The first was a 71 base pair ultramer consisting of the V5-GGG sequence 

followed by the first 20 base pairs of SBP sequence. The last was ordered as a regular 

oligo and consisted of the last 20 base pairs of the SBP sequence without a stop codon. 

These oligos were used to amplify the optimized SBP sequence (pDH475) creating the 

double stranded product sequence V5-GGG-SBP. 

All PCR reactions were performed using NEB’s OneTaq as per the supplied 

protocol, using 30 cycles with an annealing temperature of 45 C and elongation of 45 

seconds at 68 C. Five 50 L reactions were performed for both (5’HA-V5-GGG-SBP-

3’HA) and 5’HA-V5-GGG-SBP-3’HA). The reactions were combined and five L ran on a 

gel to verify amplification (described above). The (5’HA-V5-GGG-SBP-3’HA) amplification 

had some faint background bands/smearing; however, the PCR product was still used. 

The reactions were purified and concentrated using the Qiagen MinElute PCR Purification 

kit (#28004) following the recommended conditions with the product being eluted in 15 L 

of nuclease-free water. The two products were combined in a 1:1 ratio (two g each) and 

annealed using a thermocycler, exactly as described above to create the various dsDNA 

asymmetric-hybrid donors (repair template) (Dokshin et al., 2018)  
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The injection mixture was made as described above, except the volume of water 

was adjusted to fit all of the of dsDNA asymmetric donor template (two g). Following 

screening, and identification of homozygous strains, four strains from independent CRISR 

insertion events were then analyzed for wildtype expression by Western blot analysis as 

described above.  

2.15.3 – rack-1 CRISPR reagents sequences 
rack-1 guide RNA – IDT Alt-R CRISPR-Cas 9 crRNA  

5’-TAACAAATTAGTTGGAAGCA-3’ 

rack-1 HA-V5::2xFLAG-HA top strand – IDT ultramer 

5’CGGATACACCGATAACATCATCCGAGTGTATCAGGTGTCGATCCGTGCTT
CCAACGGCAAGCCGATTCCGAATCCATTGCTTGGTCTCGACAGTACAGATT
ACAAAGACGATGACGACAAGGATTATAAGGACGATGATGATAAATAATTTGT
TACCTGTTAATTCAAAACCCTTCAATAAAATTGTTGATATAATTTTG-3’ 

 
rack-1 HA-V5::2xFLAG-HA bottom strand – IDT ultramer 

5’-CAAAATTATATCAACAATTTTATTGAAGGGTTTTGAATTAACAGGTAAC 
AAATTATTTATCATCATCGTCCTTATAATCCTTGTCGTCATCGTCTTTGTAATC
TGTACTGTCGAGACCAAGCAATGGATTCGGAATCGGCTTGCCGTTGGAAGC
ACGGATCGACACCTGATACACTCGGATGATGTTATCGGTGTATCCG-3’ 
 

V5::2xFLAG top strand – IDT ultramer 

5’-GGCAAGCCGATTCCGAATCCATTGCTTGGTCTCGACAGTACAGATTACAA 
AGACGATGACGACAAGGATTATAAGGACGATGATGATAAA-3’ 

 

V5::2xFLAG bottom strand – IDT ultramer 

5’-TTTATCATCATCGTCCTTATAATCCTTGTCGTCATCGTCTTTGTAATCTGT 
ACTGTCGAGACCAAGCAATGGATTCGGAATCGGCTTGCC-3’ 
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rack-1 5’HA-V5::GGG::SBP first 20 bp – IDT ultramer 

5’-CGGATACACCGATAACATCATCCGAGTGTACCAGGTGTCGATCCGTGCTT 
CCAACGGCAAGCCGATTCCGAATCCATTGCTTGGTCTCGACAGTACAGGAG
GAGGAATGGATGAGAAGACTACTGG-3’ 
 

rack-1 3’HA- SBP-last 20 bp – IDT ultramer 

5’-CAAAATTATATCAACAATTTTATTGAAGGGTTTTGAATTAACAGGTAACAAA 
TTATGGCTCGCGTTGTCCTTGTG-3’ 
 
 

V5::GGG::SBP top – IDT ultramer 

5’-GGCAAGCCGATTCCGAATCCATTGCTTGGTCTCGACAGTACAGGAGGAG 
GAATGGATGAGAAGACTACTGG-3’ 
 

SBP reverse – DNA oligo 

5’-TGGCTCGCGTTGTCCTTGTG-3’ 

dpy-10 repair template – DNA oligo  
 

5’-CACTTGAACTTCAATACGGCAAGATGAGAATGACTGGAAACCGTACCGCA 
TGCGCCTATGGTAGCGGAGCTTCACATGGCTTCAGACCAACAGCCTAT-3’ 

 
 

2.16 – Statistical Analysis  

 Proliferative zones were compared using an unpaired t-test when only two 

genotypes were present and a one-way analysis of variance (ANOVA) for comparisons 

when multiple genotypes were present (two single and double mutant strains). In the case 

of a significant main effect, a Tukey’s post-hoc test was employed to determine individual 

differences between genotypes. A Shapiro-Wilkes test was performed to assess normal 

distribution of the data and a Brown-Forsythe and/or Bartlett’s test to assess for 

homoscedasticity. In instances of violations of normality, a Kruskal-Wallis test followed by 
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Dunn’s post-hoc test was used (glp-1(ar202gf) comparisons). A Brown-Forsythe and 

Welch’s ANOVA followed by a Games-Howell’s post-hoc test was used to analyze data 

sets with violations of homoscedasticity (gld-1(oz264gf) comparisons). A chi-square test 

was used to compare the observed versus expected proliferative zone sizes of double 

mutants. 

 For comparison of GLD-1 expression levels (determined from in vivo 

immunofluorescence) a one sample t-test was utilized to compare overall GLD-1 

expression levels (total area under the curve) in the genotype of interest (rack-1(tm2262) 

and gld-2(q497); rack-1(tm2262)) compared to control (wildtype (N2) and gld-2(q497)). 

When comparing the maximum GLD-1 expression, peak GLD-1, an unpaired t-test was 

performed between genotypes of interest. A paired t-test was utilized to compare GLD-1 

levels in wildtype (N2) and rack-1(tm2262) as determined by Western blot analysis.  

An unpaired t-test was utilized to compare both the overall SYGL-1 expression 

levels (total area under the curve) and peak SYGL-1 (maximum SYGL-1 expression) 

between rack-1(tm2262) and control (sygl-1(am307)) gonads.  

All statistical analysis was performed using GraphPad Prism 9.1.0 using a p-value 

cut-off of 0.05 to determine significance. 
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Chapter 3: rack-1 influences the proliferation/differentiation balance  

The GLP-1/Notch pathway has been shown to be the main regulator of the 

proliferation/differentiation balance in the C. elegans germline (Austin & Kimble, 1987; 

Berry et al., 1997; Seydoux & Schedl, 2001); however, the use of genetic screens has 

uncovered various other genes and molecular mechanisms that work to modulate GLP-

1/Notch signalling or the downstream meiotic entry pathways to control the 

proliferation/differentiation balance. These factors/pathways include the Ubiquitin-

mediated proteolysis pathway (Gupta et al., 2015; Macdonald et al., 2008; Pepper et al., 

2003), and mRNA processing genes (Belfiore et al., 2004; Kerins et al., 2010; Mantina et 

al., 2009; Wang et al., 2012). Recent data has suggested that rack-1 may be an additional 

factor influencing the proliferation/differentiation balance (Bolger, 2017; Wang, 2013). 

 To investigate rack-1’s potential involvement in the stem cell proliferation decision, 

I characterized rack-1’s genetic interaction with glp-1 gain-of-function and loss-of-function 

mutations, as well as rack-1’s interaction with GLP-1/Notch target genes, lst-1 and sygl-

1. Finally, to determine if rack-1 functions downstream of the GLP-1/Notch pathway, 

genetic analysis was performed with components of the GLD pathways to determine rack-

1’s impact on the entry into meiosis decision. 

3.1 rack-1(0) enhances the over-proliferation phenotype in glp-1 gain-of-function 

mutations 

 glp-1 gain-of-function (glp-1(gf)) mutations are commonly used to identify, or verify, 

a gene’s ability to impact the proliferation/differentiation balance in the C. elegans 

germline (Reviewed in: Hubbard & Schedl, 2019).  Many genes involved in the 
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proliferation/differentiation balance do not have a phenotype on their own due to 

redundancy with other genes in the pathway; however, their involvement can be 

uncovered using sensitized genetic backgrounds, such as glp-1(gf). Similarly, mutations 

that have subtle effects on the proliferation/differentiation balance are more easily 

identified in sensitized backgrounds. 

glp-1(ar202gf) is a temperature sensitive allele resulting from a nonsynonymous 

single nucleotide mutation causing an amino acid substitution (G529E) within the LNR 

(LIN-12/Notch Repeats) domain of GLP-1 (Pepper et al., 2003). This mutation results in 

increased GLP-1 receptor activity, and therefore increased signalling (Pepper et al., 

2003). This allele is categorized as a strong gain-of-function mutation (increased GLP-

1/Notch signaling) as 100% of these mutant germlines have an over-proliferation 

phenotype at the restrictive temperature (25 C) (Pepper et al., 2003). At the permissive 

temperature (20 C) glp-1(ar202gf) animals possess a fairly wild-type germline that has 

an increase in the size, and total number of cells, in the proliferative zone, referred to as 

a ‘late-onset tumour’ (Pepper et al., 2003). Additionally, at the permissive temperature, a 

small percentage of these mutant germlines have proliferative cells at their most proximal 

end, ‘protumour’ / Pro (Proximal tumour), instead of developing gametes (Pepper et al., 

2003).  

Our lab previously demonstrated that a reduction in rack-1 levels, by RNAi, 

enhances the over-proliferation phenotype in a glp-1(ar202gf) background at the 

permissive temperature (Wang, 2013); however, since RNAi has variable efficiency at 
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reducing gene expression, and can result in off target effects, this analysis was repeated 

using a presumed null allele of rack-1 (Kamath et al., 2003; S. Qiu et al., 2005). rack-

1(tm2262) was generated by the National BioResource Project (NBRP), and obtained 

from the Caenorhabditis Genetics Center (CGC) where it was outcrossed five times 

(Barstead et al., 2012). As seen with RNAi, rack-1(tm2262) enhanced the over-

proliferation phenotype of glp-1(ar202gf) at the permissive temperature, with nearly 100% 

of glp-1(ar202gf); rack-1(tm2262) germlines having proliferating cells outside of the 

proliferative zone as determined by -REC-8 and -HIM-3 staining compared to 9% and 

0% in glp-1(ar202gf) and rack-1(tm2262) respectively (Figure 3.1 and Table 3.1). A large 

portion of glp-1(ar202gf); rack-1(tm2262) germlines (57%) showed a ‘Complex Tumour’ 

phenotype, both with and without the presence of a proximal tumour (53% and 4% 

respectively) (Table 3.1). This phenotype has been previously associated with glp-1 gain-

of-function mutations (Pepper et al., 2003), and has more recently been defined by 

Hubbard and Schedl as having “cells that have entered the meiotic pathway (HIM-3 

positive) in a variable pattern among the proliferating cells, either scattered within the 

tumor or in discrete patches” (Hubbard & Schedl, 2019). 

Surprisingly, the glp-1(ar202gf) over-proliferation phenotype was also enhanced 

when combined with a rack-1 heterozygote (rack-1(tm2262)/nT1g; nT1g is a balancer 

chromosome that contains a wildtype copy of rack-1), with 59% of germlines analyzed 

having mitotic cells outside of the proliferative zone (Table 3.1). 
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Figure 3.1 - rack-1(0) enhances the over-proliferation phenotype of glp-1(ar202gf) 

animals. Representative images of glp-1(ar202gf) and glp-1(ar202gf); rack-1(tm2262) 

young adult gonads. Animals were raised at 20 C, dissected at one day past the L4 

stage, and analyzed for ectopic proliferation using -REC8 (proliferation marker) and -

HIM-3 (meiotic marker) antibodies. Nuclear morphology was detected using DAPI. Scale 

bar = 20 m. 
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Table 3.1 - rack-1(0); glp-1(ar202gf) germline proliferation phenotype at 20 C  

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, -REC-8 and -HIM-3 antibodies. 
The germline phenotype was scored based upon the presence of REC-8 positive cells outside of the proliferative 
zone. 
b Wildtype refers to gonad arms with no REC-8 outside of the proliferative zone. This category includes germlines 
with the glp-1(ar202gf) late-onset tumour (increased proliferative zone size and total number of cells). 
c Complex Tumour refers to gonad arms that had stretches of proliferative cells (REC-8 positive) outside of the 
proliferative zone with the most proximal end of the germline having meiotic cells determined by HIM-3 staining. 
d Complex Tumour + Pro refers to gonad arms that had stretches of proliferative cells (REC-8 positive) outside of 
the proliferative zone alongside entry into meiosis (HIM-3 positive), and a pool of proliferative cells (REC-8 
positive) at the most proximal end of the germline, Pro (Proximal tumour). 
e Proximal tumour (Pro) refers to gonad arms that have relatively normal distal germlines but a pool of proliferative 
cells (REC-8 positive) at the most proximal end of the germline. 
f n refers to total number of gonad arms analyzed. 
g Actual genotype; rack-1(tm2262). 
h Actual genotype; glp-1(ar202gf); rack-1(tm2262). 
i  Actual genotype; glp-1(ar202gf); rack-1(tm2262)/nT1g. nT1g is a balancer chromosome that contains a wildtype 
copy of rack-1. 

 

 

  

 

 

 Germline Phenotypea 

 
 

Genotype 

 
Wildtype 

(%)b 

Complex 
Tumour 

(%)c 

Complex 
Tumour + Pro 

(%)d 

 
Pro 
(%)e 

 
 

nf 

glp-1(ar202gf) 91 2 0 7 365 

rack-1(0)g 100 0 0 0 87 

glp-1(ar202gf); rack-1(0)h 1 4 53 42 307 

glp-1(ar202gf); rack-1(het)i 41 2 11 27 271 
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In order to determine if the ability of rack-1(tm2262) to enhance over-proliferation 

is specific to the glp-1(ar202gf) allele, I determined if a loss of rack-1 could enhance 

another glp-1 gain-of-function mutation. glp-1(oz264gf) is a temperature sensitive allele 

resulting from a nonsynonymous single nucleotide mutation causing an amino acid 

substitution (G528E) within the LNR (LIN-12/Notch Repeats) domain of GLP-1, right 

beside the glp-1(ar202gf) substitution (G529E) (Kerins, 2006; Kerins et al., 2010). Similar 

to the ar202 mutation, the oz264 mutation is thought to result in slightly increased GLP-1 

receptor activity, and therefore signaling (Pepper et al., 2003). glp-1(oz264gf) is 

categorized as a weak gain-of-function, as only 33% of germlines are reported to have 

an over-proliferation phenotype (proximal tumour) at the restrictive temperature (25 C) 

(Kerins, 2006; Kerins et al., 2010). Similar to glp-1(ar202gf), glp-1(oz264gf) germlines 

have a late onset tumorous phenotype at the permissive temperature (20 C) (Kerins, 

2006; Kerins et al., 2010).  

 rack-1(tm2262) enhances the glp-1(oz264gf) over-proliferation phenotype at both 

20 C and 25 C. At the permissive temperature, 20% of glp-1(oz24gf); rack-1(tm2262) 

had an over-proliferation phenotype as determined by -REC-8, -HIM-3 and DAPI 

staining, whereas neither of the single mutants showed over-proliferation alone (Figure 

3.2 and Table 3.2). At the restrictive temperature, 97% of glp-1(oz264gf); rack-1(tm2262) 

displayed an over-proliferation phenotype compared to 59% glp-1(oz264gf) gonads 

(Figure 3.3 and Table 3.2). Similar to glp-1(ar202); rack-1(tm262), the majority of glp-
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1(oz264gf); rack-1(tm2262) gonads displayed a complex tumour phenotype both with and 

without the presence of a proximal tumour.   

 Taken together, the above results suggest that rack-1 does play a role in the 

proliferation/differentiation balance. In the absence of rack-1 an increase in proliferation 

is observed. This suggests that rack-1 could function to directly inhibit GLP-1/Notch 

signaling, or that rack-1 may be required for entry into meiosis. 
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Table 3.2 - glp-1(oz264gf); rack-1(0) germline proliferation phenotype  

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, -REC-8 and -HIM-3 antibodies. 
The germline phenotype was scored based upon the presence of REC-8 positive cells outside of the proliferative 
zone. 
b Wildtype refers to gonad arms with no REC-8 outside of the proliferative zone. This category includes germlines 
with the glp-1(ar202gf) late-onset tumour (increased proliferative zone size and total number of cells). 
c Complex tumour + embryos refers to gonad arms that had stretches of proliferative cells (REC-8 positive) outside 
of the proliferative zone alongside entry into meiosis (HIM-3 positive), but with embryos present at the most 
proximal end of the germline. 
d Complex Tumour refers to gonad arms that had stretches of proliferative cells (REC-8 positive) outside of the 
proliferative zone alongside entry into meiosis (HIM-3 positive), but with the most proximal end of the germline 
having meiotic cells (HIM-3 positive). 
e Complex Tumour + Pro refers to gonad arms that had stretches of proliferative cells (REC-8 positive) outside of 
the proliferative zone alongside entry into meiosis (HIM-3 positive) with a pool of proliferative cells (REC-8 
positive) at the most proximal end of the germline, Pro (Proximal tumour). 
f Protumour (Pro) refers to gonad arms that have normal entry into meiosis (HIM-3) but a pool of proliferative cells 
(REC-8 positive) at the most proximal end of the germline.  
g n refers to total number of gonad arms analyzed. 
h Actual genotype; glp-1(oz264gf); rack-1(tm2262). 

  Germline phenotypea  

 
 
 

Genotype 

 
 

Temp 

(C) 

 
 

Wildtype 
(%)b 

Complex 
tumour + 
embryos 

(%)c 

 
Complex 
tumour 

(%)d 

Complex 
tumour + 

Pro 
(%)e 

 
 

Pro 
(%)f 

 
 
 

ng 

glp-1(oz264gf) 20 100 0 0 0 0 240 

glp-1(oz264gf); rack-1(0)h 20 80 4 1 6 9 222 

glp-1(oz264gf) 25 41 59 2 4 0 138 

glp-1(oz264gf); rack-1(0)h 25 3 3 17 53 27 103 
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Figure 3.2 - rack-1(0) enhances the over-proliferation phenotype of glp-1(oz264gf) 

at 20 °C. Representative images of glp-1(oz264gf) and glp-1(oz264gf); rack-1(tm2262) 

young adult gonads. Animals were raised at 20 C, dissected at one day past the L4 

stage, and analyzed for ectopic proliferation using -REC8 (proliferation marker) and -

HIM-3 (meiotic marker) antibodies. Nuclear morphology was detected using DAPI. Scale 

bar = 20 m.
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Figure 3.3 - rack-1(0) enhances the over-proliferation phenotype of glp-1(oz264gf) at 

25 °C. Representative images of glp-1(oz264gf) and glp-1(oz264gf); rack-1(tm2262) young 

adult gonads. Animals were raised at 25 °C, dissected at one day past the L4 stage, and 

analyzed for ectopic proliferation using -REC8 (proliferation marker) and -HIM-3 (meiotic 

marker) antibodies. Nuclear morphology was detected using DAPI. Scale bar = 20 m
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3.2 rack-1(0) cannot suppress reduced proliferation associated with the loss of 

GLP-1/Notch signalling  

As described above, a loss of rack-1 strongly enhanced the over-proliferation 

phenotype in glp-1 gain-of-function mutants. This suggests that a loss/reduction of rack-

1 may also be able to rescue a loss of GLP-1/Notch signaling. The loss of GLP-1/Notch 

signaling, from ablation of the DTC (Kimble, 1981) or complete loss of GLP-1 function 

(Austin & Kimble, 1987), results in the germ cells prematurely entering meiosis due to a 

lack of the mitotic signal. This premature differentiation results in a loss of the stem cell 

population due to all stem cells prematurely differentiating as sperm (Glp phenotype) 

(Austin & Kimble, 1987). To determine if loss of rack-1 can suppress a lack of GLP-

1/Notch signalling I analyzed rack-1(tm2262)’s interaction with two glp-1 loss-of-function 

alleles, glp-1(q175) and glp1(bn18ts). 

glp-1(q175) contains a nonsense mutation (R191X) that results in a truncated non-

functional protein and is categorized as a true null allele (Kodoyianni et al., 1992). Loss 

of rack-1(0) was unable to suppress the Glp phenotype as 100% of glp-1(q175); rack-

1(tm2262) germlines were found to be Glp as determined by whole-mount analysis with 

DAPI (nuclear morphology) (Table 3.3). It is possible that rack-1’s influence on the 

proliferation/differentiation balance is not strong enough to overcome a complete loss of 

glp-1; therefore, I next examined rack-1’s ability to supress a glp-1 weak loss-of-function 

allele. 

glp-1(bn18ts) is a temperature sensitive allele resulting from a nonsynonymous 

point mutation causing an amino acid substitution (A1034T) within the SW16 repeat 
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region (Kodoyianni et al., 1992). This mutation is thought to disrupt GLP-1’s ability to 

function as a receptor, thereby reducing signaling (Kodoyianni et al., 1992). At the 

permissive temperature, glp-1(bn18ts) animals have germlines with reduced proliferation 

determined by a reduction in the size, and total number of cells, in the proliferative zone 

(Fox & Schedl, 2015; Kodoyianni et al., 1992); however, at the restrictive temperature, 

these mutants display the Glp phenotype associated with a complete loss of GLP-1/Notch 

signaling (Kodoyianni et al., 1992). As seen with glp-1(0), rack-1(tm2262) was unable to 

supress the Glp phenotype of glp1(bn18ts) at the restrictive temperature (100% Glp 

germlines) (Table 3.4). This analysis was repeated at the permissive temperature. Similar 

to previous research, I found that glp-1(bn18ts) germlines had a smaller proliferative zone 

as compared to wildtype (N2) in both the extent of REC-8 expression (proliferative 

marker); 11 vs 18 gcd respectively, and total cell number, 126 vs 242 respectively 

(Unpaired t-test p-value < 0.0001) (Figure 3.4 and Table 3.5). rack-1(tm2262) germlines 

alone also had a reduction in proliferative zone size as compared to wildtype (N2); REC-

8 expression 15 vs 18 gcd, and total cell number 133 vs 242 (Unpaired t-test p-value < 

0.0001) (Figure 3.4 and Table 3.5). glp-1(bn18ts);rack-1(tm2262) germlines had a further 

reduced proliferative zone; REC-8 expression 11 gcd and total cell number 89 (Figure 3.4  

and Table 3.3.3). This reduction was statistically significant compared to both glp-

1(bn18ts) and rack-1(tm2262) alone (One-way ANOVA p-values < 0.0001). rack-

1(tm2262)’s proliferative zone, when looking at total cell number, is reduced by 45% 

compared to wildtype (N2); therefore, it is anticipated that a loss of rack-1 would reduce 

all other genetic backgrounds by a similar capacity, unless rack-1(0) works synergistically 
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with the other mutated gene. If the reduced proliferative zone size is due to the disruption 

in a mechanism independent of Notch signaling, the glp-1(bn18ts); rack-1(tm2262) 

proliferative zone size should be roughly 55% of glp-1(bn18ts) alone, or 69 total cells. The 

total number of cells in the proliferative zone of glp-1(bn18ts); rack-1(0) was 

experimentally determined to be 89, which is statistically larger than expected (69; chi-

square p-value < 0.0001); therefore, the reduction in proliferative zone size is most likely 

due to the additive reduction found in the two single mutants alone. This suggests that 

loss of rack-1 does not suppress the reduction in stem cell proliferation seen in glp-

1(bn18ts). 

GLP-1/Notch is a membrane-bound receptor expressed on the surface of stem 

cells within the proliferative zone (Crittenden et al., 1994). The current model is that upon 

interaction with LAG-2 and APX-1 expressed on the surface of the DTC, GLP-1/Notch 

undergoes two cleavage events, releasing the intracellular portion, Notch Intracellular 

domain (NICD) (Kopan et al., 1996). NICD then translocates into the nucleus where it 

interacts with transcription factors, LAG-1 and SEL-8/LAG-3, to form a transcriptional 

activation complex (Christensen et al., 1996; Doyle et al., 2000; Petcherski & Kimble, 

2000). Only two direct GLP-1/Notch target genes have been identified, lst-1 and sygl-1 

(Chen et al., 2020; Kershner et al., 2014). These genes work redundantly to regulate stem 

cell proliferation within the proliferative zone (Kershner et al., 2014).  Loss  of both sygl-1  

and lst-1  phenocopies a loss of GLP-1/Notch resulting in a loss of GSC proliferation and 

a Glp phenotype (Kershner et al., 2014). In agreement with loss of rack-1 being unable 

to suppress the Glp phenotype associated with loss of GLP-1/Notch, loss of rack-1 was 
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unable to suppress the loss of proliferation in lst(ok814) sygl-1(tm5040) null mutants 

(Table 3.6). 

rack-1(tm2262)’s inability to suppress the proliferation defects in glp-1 loss-of-

function and lst-1(ok814) sygl-1(tm5040) mutants could be due to rack-1’s influence on 

the proliferation/differentiation balance not being strong enough to overcome a decrease, 

or loss, in GLP-1/Notch signaling. Enhancement of glp-1(gf) mutant phenotypes without 

the ability to rescue the proliferation defects in glp-1(lf) mutants has been seen for other 

modulators, specifically  kin-10 (Wang, 2013; Wang et al., 2014); therefore, glp-1(gf) 

mutants may be more sensitive to changes in the activity of modulators. 
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Table 3.3 - rack-1(0) cannot suppress glp-1(0) Glp phenotype  

 
 

a Germline proliferative defective (Glp); A gonad arm was scored as Glp if only sperm was present in the gonad arm 
when analyzed at one day past the L4 as determined by whole mount DAPI (nuclear morphology) analysis. 
b n refers to total number of gonad arms analyzed. 
c Actual genotype; glp-1(q175). 
d Actual genotype; glp-1(q175); rack-1(tm262). 
 
 
 
 
 

Table 3.4 - rack-1(0) cannot suppress glp-1(bn18ts) Glp phenotype at 25 C 

 
 

a Germline proliferative defective (Glp); A gonad arm was scored as Glp if only sperm was present in the gonad arm 
when analyzed at one day past the L4 with whole mount DAPI staining (nuclear morphology). 
b n refers to total number of gonad arms analyzed. 
c Actual genotype; glp-1(q175). 
d Actual genotype; glp-1(bn18lf); rack-1(tm2262). 

 

Analysis at 20 C Genotype Glp 
(%)a 

nb 

glp-1(0)c 100 152 

glp-1(0); rack-1(0)d 100 138 

Analysis at 25 C   

glp-1(0)c 100 156 

glp-1(0); rack-1(0)d 100 152 

Genotype Glp (%)a nb 

glp-1(bn18ts)c 100 156 

glp-1(bn18ts); rack-1(0)d 100 152 
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Figure 3.4 – rack-1(0) does not rescue the proliferation defect in glp-1(bn18ts) 

mutants at 20 °C. Top - Representative images of the proliferative zone of wildtype (N2), 

glp-1(bn18ts), rack-1(tm2262) and glp-1(bn18ts); rack-1(tm2262) young adult gonads. 

Animals were raised at 20 °C, dissected at one day past the L4 stage, stained with -

REC8 (proliferation marker) and -HIM-3 (meiotic marker) antibodies to determine the 

size of the proliferative zone. Nuclear morphology was detected using DAPI. The dashed 

line represents the transition into meiosis Scale bar = 20 m. Bottom – Average number 

of cells in the proliferative zone (PZ) (x-axis) is depicted in the bar graph for the given 

genotype (y-axis). Each point represents an individual gonad. Error bars represent ± 

standard deviation (S.D). Asterisks represent statistical differences determined by a one-

way ANOVA with Tukey HSD post hoc test. ns = not significant, ****p<0.0001. 
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Table 3.5 - rack-1(0) cannot suppress the proliferation defect in glp-1(bn18ts)

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, -REC-8 and -HIM-3 antibodies. 
The length of the proliferative zone (PZ) was determined by counting the extent (germ cell diameter) of REC-8 
expression and averaged from a minimum of 14 animals. S.D. = Standard Deviation; Range = minimum-maximum 
values obtained. 
b The average total number of cells in the proliferative zone (PZ) was determined using DAPI staining (nuclear 
morphology). Cells were counted until the transition zone, marked by crescent-shaped nuclei (DAPI staining 
(nuclear morphology)). S.D. = Standard Deviation; Range = minimum-maximum values obtained. 
c n refers to total number of gonad arms analyzed for average total of cells in the PZ. 
d Actual genotype; rack-1(tm2262). 
e Actual genotype; glp-1(bn18lf); rack-1(tm2262). 
 
 

Table 3.6 - rack-1(0) cannot suppress lst-1(0) sygl-1(0) Glp phenotype 

 
 

a Germline proliferative defective (Glp); A gonad arm was scored as Glp if only sperm was present in the gonad 
arm when analyzed at one day past the L4 with whole mount DAPI staining (nuclear morphology). 
b n refers to total number of gonad arms analyzed. 
c Actual genotype; lst-(ok814) sygl-1(tm5040). 
d Actual genotype; lst-(ok814) sygl-1(tm5040); rack-1(tm2262). 
 
 
 

Analysis at 20 C 
 
 

Genotype 

 
Average length 

 of PZ (gcd)  
(S.D.; range)a 

 
Average total 

cells in PZ 
(S.D.; range)b 

 
 
 

nc 

Wildtype (N2) 18 (2; 16-20) 242(35; 183-307) 14 

rack-1(0)d 15 (2; 11-19) 133(16; 110-160) 10 

glp-1(bn18ts) 11 (2; 8-15) 126 (15; 108-151) 10 

glp-1(bn18ts); rack-1(0)e 11 (2; 7-13) 89(9; 80-101) 9 

Analysis at 20 C Genotype Glp (%)a nb 

lst-1(0) sygl-1(0)c 100 80 

lst-1(0) sygl-1(0); rack-1(0)d 100 72 

Analysis at 25 C    

lst-1(o) sygl-1(0)c 100 101 

lst-1(0) sygl-1(0); rack-1(0)d 100 68 
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3.3 Loss of rack-1 does not increase GLP-1/Notch activity 

The enhancement of the over-proliferation phenotype seen with glp-1 gain-of-

function mutants upon loss of rack-1(0) suggests that RACK-1 could function to inhibit 

GLP-1/Notch activity directly. Alternatively, RACK-1 could function to promote entry into 

meiosis. To determine if rack-1 functions to directly inhibit GLP-1/Notch signaling the 

expression profile of SYGL-1::3xFLAG, a direct GLP-1/Notch target gene was analyzed 

in the absence of rack-1 (Kershner et al., 2014). 

 As discussed in the previous section, GLP-1/Notch is a transmembrane receptor 

that undergoes proteolytic cleavage when activated, resulting in the release of NICD 

(Reviewed (Hubbard & Schedl, 2019)). NICD translocates into the nucleus where it 

functions within a transcriptional activation complex to activate the expression of two 

direct target genes lst-1 and sygl-1 (Christensen et al., 1996; Doyle et al., 2000; Kershner 

et al., 2014; Lambie et al., 1991; Petcherski & Kimble, 2000). These genes work 

redundantly to regulate stem cell proliferation within the proliferative zone. SYGL-1 

expression alone is correlated with the size of the proliferative zone (Shin et al., 2017); 

therefore, SYGL-1 expression extent and levels can be used as a read out of active GLP-

1/Notch.  

 SYGL-1 expression can be detected using a CRISPR tagged allele of sygl-1, (sygl-

1(am307[sygl-11::3XFLAG]) (Kocsisova et al., 2019). SYGL-1 has been previously 

shown to be expressed from the distal end to approximately 10 – 14 gcd from the DTC 

(Kocsisova et al., 2019; Shin et al., 2017). SYGL-1 was expressed ~11 gcd in rack-

1(tm2262) versus ~13 gcd in control germlines (sygl-1(am307)) (Figure 3.5). Although, 
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SYGL-1 expression in rack-1(tm2262) was within the previously reported range for 

wildtype SYGL-1 expression, it was determined to be significantly different from control 

germlines [sygl-1(am307)] (Unpaired t-test p-value = 0.0015) (Figure 3.5). The overall 

level of SYGL-1 expression, as determined by measuring the intensity across the 

proliferative zone, is slightly reduced in rack-1(tm2262) gonads as compared to control 

gonads (Figure 3.6). This reduction is statistically significant (rack-1(tm2262) = 6769305 

a.u x m, control = 9496664 a.u x m; Unpaired t-test p-value = 0.0147); however peak 

SYGL-1, or the maximum value obtained, was not statistically different between control 

and rack-1(tm2262) gonads (1651 a.u vs 1395 a.u respectively; Unpaired t-test p-value 

= 0.1754). This is opposite to what was expected if wild-type rack-1 were to inhibit GLP-

1/Notch signaling – that loss of rack-1 would result in increased GLP-1/Notch signaling. 

rack-1 mutant animals have a reduction in the number of GSCs within the proliferative 

zone (Table 3.5); therefore, a reduction in GLP-1/Notch signaling is in agreement with the 

smaller GSC pool. Taken together, this data suggests that rack-1 does not function to 

inhibit GLP-1/Notch signaling; however, rack-1 may have two opposing roles within the 

germline – functioning within the PZ to maintain the GSC pool and outside of the PZ to 

inhibit proliferation and/or promote meiosis. Future experiments will be needed to 

determine rack-1’s role within the GSC pool and if this role is GLP-1/Notch dependent or 

independent.  
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Figure 3.5 - Loss of rack-1 does not enhance the extent of SYGL-1 expression. 

Representative images of the proliferative zone of sygl-1(am307) (control), sygl-

1(am307); rack-1(tm2262) young adult gonads. Animals were raised at 20 °C, dissected 

at one day past the L4 stage, stained with -FLAG (detect SYGL-1::3xFLAG) and DAPI 

(nuclear morphology). The dashed line represents the transition into meiosis. Scale bar 

= 20 m. 
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Figure 3.6 – SYGL-1 expression is lowered in rack-1(tm2262) germlines. Graphs 

depicting the average SYGL-1 accumulation profiles in control (sygl-1(am307)) and sygl-

1(am307); rack-1(tm2262) germlines raised at 20 C. SYGL-1’s expression was 

determined using SYGL-1::3xFLAG transgene and -FLAG antibodies. The x-axis is 

distance in germ cell diameters (gcd). The y-axis is the intensity of antibody staining in 

arbitrary units.  
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3.4 rack-1 does not regulate the entry into meiosis decision  

To determine if rack-1 functions to promote meiotic entry I evaluated the entry into 

meiosis decision in the absence of rack-1. This transition is regulated by two opposing 

signaling gradients, GLP-1/Notching signaling (mitosis) and GLD pathways (meiosis). 

Active GLP-1/Notch signaling in the proliferative zone inhibits the downstream GLD-1 and 

GLD-2 pathways, including preventing GLD-1 accumulation (Hansen, Wilson-Berry, et 

al., 2004). These pathways function redundantly to promote entry into meiosis, with the 

activity of one of the two pathways being sufficient for normal meiotic entry; however, 

when both pathways are mutated, most germ cells fail to enter meiosis, resulting in the 

formation of a germline tumour (proliferative cells) with very little meiotic entry (Eckmann 

et al., 2004; Hansen et al., 2004; Kadyk & Kimble, 1998). To determine if rack-1 functions 

in either of the GLD pathways, I analyzed meiotic entry in animals lacking rack-1 and a 

core component of either the GLD-1 (gld-1 and nos-3) or GLD-2 pathways (gld-2 and gld-

3). Interestingly, none of the double mutant combinations [gld-1(q485); rack-1(tm2262), 

nos-3(oz231); rack-1(tm2262), gld-2(q497); rack-1(tm2262), or gld-3(q730); rack-

1(tm226)] formed strong germline tumours as would be expected if both GLD-1 and GLD-

2 pathway function is disrupted; however, other proliferative phenotypes were observed 

(Discussed in Chapter 6).  

To investigate if a loss of rack-1 has a more subtle effect on the entry into meiosis 

decision the size of the proliferative zone was measured by analyzing the extent of REC-

8 expression (proliferative marker) and total cell number, in the double mutant animals. If 

rack-1 plays a role in the GLD-1 pathway, an increase in the proliferative zone size 

(meiotic entry defect), in combination with mutants of the GLD-2 pathway (gld-2, gld-3), 
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would be expected. If rack-1 is involved in the GLD-2 pathway, an increase in the 

proliferative zone size (meiotic entry defect), in combination with mutants of the GLD-1 

pathway (gld-1, nos-3), would be expected. Interestingly, no double mutant combination 

displayed meiotic entry defects and instead a statistically significant reduction in the 

proliferative zone size, as compared to the GLD pathway single mutants alone, was 

observed (One-way ANOVA all p-values < 0.0001);  gld-1(q485); rack-1(tm2262) - 95 

cells, REC-8 12 gcd; gld-1(q485) - 187 cells, REC-8 15 gcd; nos-3(oz231); rack-

1(tm2262) - 113 cells, REC-8 15 gcd; nos-3(oz231) – 271 cells, REC-8 18 gcd; gld-

2(q497); rack-1(tm2262) - 170 cells, REC-8 21 gcd; gld-2(q497) – 343 cells, REC-8 25 

gcd; gld-3(q730); rack-1(tm2262) – 195 cells REC-8 20 gcd; gld-3(q730) 302 cells, REC-

8 24 gcd (Figure 3.7, Figure 3.8 and Table 3.7). The size of the proliferative zone in gld-

1(q485); rack-1(tm2262), gld-2(q497); rack-1(tm2262), and gld-3(q730); rack-1(tm2262) 

was determined to be statistically different compared to rack-1(tm2262) gonads alone 

(One-way ANOVA all p-values < 0.05). 

The GSC pool in rack-1 mutants is reduced compared to wildtype (45% reduction); 

therefore, it is anticipated that loss of rack-1 would reduce all other genetic backgrounds 

by a similar capacity, unless rack-1 works synergistically with the other mutated gene 

(See Table 3.7 for expected values). The reduction in the PZ size observed in gld-

1(q485);rack-1(tm2262), 95 cells, was significantly different from the expected reduction, 

103 cells (chi-square p-value < 0.05). The reduction in the PZ size observed in gld-

2(q497); rack-1(tm2262), 170 cells, was statistically different from the expected reduction 

(188 cells) (chi-square p-value < 0.0001). The PZ size observed in gld-3(q730); rack-
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1(tm2262) was larger than anticipated, 195 vs 166 (chi-square p-value < 0.0001) (Table 

3.7). Although the difference in the proliferative zone size is statistically significant in most 

of the double mutants, and greater than expected in gld-1(q485); rack-1(tm2262) and gld-

2(q497);rack-1(tm2262), these results were opposite to what was anticipated if wildtype 

rack-1 functions redundantly with GLD-1 or GLD-2 pathways to promote meiotic entry – 

that loss of rack-1 would cause a meiotic entry defect and result in an increase in the 

proliferative zone (GSC pool).  

This analysis was repeated at 25 C for nos-3(oz231);rack-1(tm2262), gld-

2(q497);rack-1(tm2262) and gld-3(q730);rack-1(tm2262) as these animals displayed 

additional germline phenotypes at this temperature (Discussed in Chapter 6); however, 

as with the analysis at 20 C, all double mutants displayed a statistically significant  

reduction in proliferative zone size as compared to the GLD pathway single mutants alone 

(One-way ANOVA all p-values < 0.0001);  nos-3(oz231); rack-1(tm2262) - 84 cells, 

REC-8 15 gcd; nos-3(oz231) – 172 cells, REC-8 13 gcd; gld-2(q497); rack-1(tm2262) - 

131 cells, REC-8 20 gcd; gld-2(q497) – 348 cells, REC-8 20 gcd;   gld-3(q730); rack-

1(tm2262) – 136 cells, REC-8 13 gcd;    gld-3(q730) 252 cells, REC-8 19 gcd (Figure 3.9 

and Table 3.7). The reduction in proliferative zone size in gld-2(q497); rack-1(tm2262) 

and gld-3(q730); rack-1(tm2262) double mutants was statistically different from rack-

1(t2262)  mutants (One-way ANOVA all p-values < 0.01). The PZ was larger than 

expected in gld-3(q730); rack-1(tm2262) double mutants (136 vs 104 cells; chi-square p-

value < 0.0001). In gld-2(q497);rack-1(tm2262) the PZ was reduced more than the 

expected 45% reduction (130 vs 144 cells; chi-square p-value < 0.0001) (Table 3.5). 
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Again, these results were still opposite to what was anticipated – that loss of rack-1 would 

cause a meiotic entry defect and result in an increase in the proliferative zone (GSC pool). 

Interestingly, this reduction in proliferative zone size was also seen in double 

mutants with both glp-1 gain-of-function mutations (Figure 3.10 and Table 3.8); glp-

1(ar202gf); rack-1(tm2262) - 204 cells, REC-8 25 gcd; glp-1(ar202gf) – 371, REC-8 29 

gcd; glp-1(oz24);rack-1(tm2262) – 296, REC-8 29 gcd; glp-1(oz264gf) – 321, REC-8 24 

gcd. The PZ size in gld-1(ar202gf);rack-1(tm2262) was statistically different from glp-

1(ar202gf) but not rack-1(tm2262) (Kruskal-Wallis p-value < 0.05) whereas the PZ size in 

glp-1(oz264gf) was only statistically different from rack-1(tm2262) but not glp-1(oz264) 

(Welch’s ANOVA p-value < 0.0001). This result was surprising as it suggests that loss of 

rack-1 may slightly reduce proliferation within the proliferative zone but enhance 

proliferation throughout the germline. 

The reduction in the proliferative zone size in the absence of rack-1, even in the 

presence of GLP-1/Notch gain-of-function mutations that increase GSC proliferation, 

suggests that rack-1 may have an additional role in the proliferative zone that is required 

to maintain the GSC pool. rack-1 mutants displayed a slight reduction in SYGL-1 

expression extent and levels (Figure 3.5 and 3.6); therefore, this role could be GLP-

1/Notch dependent. Future experiments are needed to further characterize rack-1’s role 

in maintaining the GSC pool. rack-1’s requirement within the proliferative zone 

complicates the ability to conclusively determine if rack-1 functions in either of the GLD 

pathways; however, rack-1 does not appear to function to regulate the entry into meiosis 

decision, as no meiotic entry defects were observed with GLD pathway mutants. 
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Table 3.7 - Loss of rack-1 does not cause meiotic entry defects in combination with 
GLD pathway mutants  

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, -REC-8 and -HIM-3 antibodies. The 
length of the proliferative zone (PZ) was determined by counting the extent (germ cell diameter) of REC-8 expression and 
averaged from a minimum of 14 germlines. S.D. = Standard Deviation; Range = minimum-maximum values obtained. 
b The average total number of cells in the proliferative zone (PZ) was determined using DAPI staining (nuclear 
morphology). Cells were counted until the transition zone, marked by crescent-shaped nuclei (DAPI staining (nuclear 
morphology)). S.D. = Standard Deviation; Range = minimum-maximum values obtained. 
c The expected total cells in the proliferative zone were calculated by multiplying each single mutant by the percent 

reduction seen between rack-1(tm2262) compared to N2 alone (20 C = 55%, 25 C = 41%). Single mutant x % reduction 
= expected PZ size. 
d n refers to total number of gonad arms for average total of cells in the PZ. 
e Actual genotype; rack-1(tm2262). 

 

 

Analysis at 20 C 
 
 

Genotype 

 
Average length 

 of PZ (gcd)  
(S.D.; range)a 

 
Average total  

cells in PZ 
(S.D.; range)b 

 
Expected 

 total cells 
 in PZc 

 
 
 

nd 

Wildtype (N2) 18 (2; 16-20) 242 (35; 183-307)  14 

rack-1(0)e 15 (2; 11-19) 133 (16; 110-160)  10 

gld-1(0)f 16 (2; 13-20) 187 (31; 135-240)  10 

gld-1(0); rack-1(0)g 12 (2; 10-17) 95 (12; 83-121) 103 10 

nos-3(0)h 18 (2; 15-21) 271 (33; 221-323)  10 

nos-3(0); rack-1(0)i 15 (2; 11-18) 113 (20; 86-146) 149 10 

gld-2(0)j 25 (4; 17-32) 343 (41; 303-421)  10 

gld-2(0); rack-1(0)k 21 (1; 19-24) 170 (21; 135-205) 188 10 

gld-3(0)l 24 (3; 20-27) 302 (41; 234-396)  10 

gld-3(0); rack-1(0)m 20 (2; 17-21) 195 (23; 158-241) 166 10 

Analysis at 25 C     

Wildtype (N2) 16 (2; 12-20) 208 (26; 180-256)  10 

rack-1(0)d 15 (2; 11-19) 86 (13; 71-108)  10 

nos-3(0)g 13 (2; 10-17) 172 (30; 135-222)  10 

nos-3(0); rack-1(0)h 15 (2; 11-18) 84 (14; 68-110) 71 10 

gld-2(0)i 22 (3; 16-28) 348 (39; 305-424)  10 

gld-2(0); rack-1(0)j 20 (2; 16-24) 131 (31; 92-184) 144 10 

gld-3(0)k 19 (3; 15-27) 252 (29; 214-298)  10 

gld-3(0); rack-1(0)l 13 (2; 10-16) 136 (28; 112-203) 104 10 
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f Actual genotype; gld-1(q485). 
g Actual genotype; gld-1(q485); rack-1(tm2262). 
h Actual genotype; nos-3(oz231). 
i Actual genotype; nos-3(oz231); rack-1(tm2262). 
j Actual genotype; gld-2(q497). 
k Actual genotype; gld-2(q497); rack-1(tm2262). 
l Actual genotype; gld-3(q730). 
m Actual genotype; gld-3(q730); rack-1(tm2262). 
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Figure 3.7 - Loss of rack-1 does not cause meiotic entry defects in combination 

with GLD-1 pathway mutants at 20 °C. Top - Representative images of the proliferative 

zone of rack-1(tm2262), gld-1(q485), gld-1(q485); rack-1(tm2262), nos-3(oz231) and 

nos-3(oz231); rack-1(tm2262) young adult gonads. Animals were raised at 20 °C, 

dissected at one day past the L4 stage, stained with -REC8 (proliferation marker) and 

-HIM-3 (meiotic marker) antibodies to determine the size of the proliferative zone. 

Nuclear morphology was detected using DAPI. The dashed line represents the transition 

into meiosis. Scale bar = 20 m. Bottom - Average number of cells in the proliferative 

zone (PZ) (x-axis) is depicted in the bar graph for the given genotype (y-axis). Each point 

represents an individual gonad. Error bars represent ± standard deviation (S.D). Asterisks 

represent statistical differences determined by a one-way ANOVA with Tukey HSD post 

hoc test. ns = not significant, **p=0.0014 ****p<0.0001. 
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Figure 3.8 - Loss of rack-1 does not cause meiotic entry defects in combination 

with GLD-2 pathway mutants at 20 °C. Top - Representative images of the proliferative 

zone of rack-1(tm2262), gld-2(q497), gld-2(q497); rack-1(tm2262), gld-3(q730) and gld-

3(q730); rack-1(tm2262) young adult gonads. Animals were raised at 20 °C, dissected at 

one day past the L4 stage, stained with -REC8 (proliferation marker) and -HIM-3 

(meiotic marker) antibodies to determine the size of the proliferative zone. Nuclear 

morphology was detected using DAPI. The dashed line represents the transition into 

meiosis. Scale bar = 20 m. Bottom - Average number of cells in the proliferative zone 

(PZ) (x-axis) is depicted in the bar graph for the given genotype (y-axis). Each point 

represents an individual gonad. Error bars represent ± standard deviation (S.D). Asterisks 

represent statistical differences determined by a one-way ANOVA with Tukey HSD post 

hoc test. *p=0.0176 ***p=0.0002 ****p<0.0001. 
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Figure 3.9 - Loss of rack-1 does not cause meiotic entry defects in combination 

with GLD pathway mutants at 25 °C. Top - Representative images of the proliferative 

zone of rack-1(tm2262), nos-3(oz231), nos-3(oz231); rack-1(tm2262), gld-2(q497), gld-

2(q497); rack-1(tm2262), gld-3(q730) and gld-3(q730); rack-1(tm2262) young adult 

gonads. Animals were raised at 25 °C, dissected at one day past the L4 stage, stained 

with -REC8 (proliferation marker) and -HIM-3 (meiotic marker) antibodies to determine 

the size of the proliferative zone. Nuclear morphology was detected using DAPI. The 

dashed line represents the transition into meiosis. Scale bar = 20 m. Bottom - Average 

number of cells in the proliferative zone (PZ) (x-axis) is depicted in the bar graph for the 

given genotype (y-axis). Each point represents an individual gonad. Error bars represent 

± standard deviation (S.D). Asterisks represent statistical differences determined by a 
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one-way ANOVA with Tukey HSD post hoc test. ns = not significant **p<0.01 ***p=0.001 

****p<0.0001.

 

 

Table 3.8 - rack-1(0) does not enhance the proliferative zone size of glp-1 gf mutants 

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI and -REC-8 and -HIM-3 
antibodies. The length of the proliferative zone (PZ) was determined by counting the extent (germ cell diameter) of 
REC-8 expression and averaged from a minimum of 14 animals. S.D. = Standard Deviation; Range = minimum - 
maximum values obtained. 
b The average total number of cells in the proliferative zone (PZ) was determined using DAPI staining (nuclear 
morphology). Cells were counted until the transition zone, marked by crescent-shaped nuclei (DAPI staining 
(nuclear morphology). S.D. = Standard Deviation; Range = minimum-maximum values obtained. 
c n refers to total number of gonad arms analyzed for average total of cells in the PZ. 
d Actual genotype; rack-1(tm2262). 
e Actual genotype; glp-1(ar202gf). 
f Actual genotype; glp-1(ar202gf); rack-1(tm2262). 
g Actual genotype; glp-1(oz264gf). 
h Actual genotype; glp-1(oz264gf); rack-1(tm2262). 

Analysis at 20 C 
 
 

Genotype 

 
Average length 

 of PZ (gcd)  
(S.D.; range)a 

 
Average total  

cells in PZ 
(S.D.; range)b 

 
 
 

nc 

Wildtype (N2) 18 (2; 16-20) 242(35; 183-307) 14 

rack-1(0)d 15 (2; 11-19) 133(16; 110-160) 10 

glp-1(ar202gf)e 29 (6; 17-44) 371 (93; 277-579) 10 

glp-1(ar202gf); rack-1(0)f 25 (16; 12-93) 204 (109; 113-462) 10 

glp-1(oz264gf)g 24 (2; 20-26) 321 (40; 267-281) 10 

glp-1(oz264gf); rack-1(0)h 29 (4; 22-36) 296 (69; 197-402) 10 
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Figure 3.10  Loss of rack-1 does not increase the proliferative zone size in GLP-

1/Notch gain-of-function mutants. Top - Representative images of the proliferative 

zone of wildtype (N2), rack-1(tm2262), glp-1(ar202gf), glp-1(ar202gf); rack-1(tm2262), 

glp-1(oz262), glp-1(oz264); rack-1(tm2262) young adult gonads. Animals were raised at 

20 °C, dissected at one day past the L4 stage, stained with -REC8 (proliferation marker) 

and -HIM-3 (meiotic marker) antibodies to determine the size of the proliferative zone. 

Nuclear morphology was detected using DAPI. The dashed line represents the transition 

into meiosis. Scale bar = 20 m. Bottom - Average number of cells in the proliferative 

zone (PZ) (x-axis) is depicted in the bar graph for the given genotype (y-axis). Each point 



 

97 

 

represents an individual gonad. Error bars represent ± standard deviation (S.D). For glp-

1(ar202gf) graph asterisks represent statistical differences determined by a Kruskal-

Wallis analysis with Dunn’s post hoc test. ns = not significant *p<0.0320 ****p<0.0001. 

For glp-1(oz264gf) asterisks represent statistical differences determined by a Welch’s 

one-way ANOVA followed by Games-Howell’s post hoc test. ns = not significant 

****p<0.0001.
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Chapter 4 – Characterization of RACK-1 in the germline 

 In Chapter 3, I established a potential role for RACK-1 in the 

proliferation/differentiation balance in the germline of C. elegans; however, it is unclear 

where, downstream of GLP-1/Notch activation, RACK-1 functions. In order to elucidate 

rack-1’s influence on this pathway, I investigated the germline phenotypes associated 

with a loss of rack-1 activity, and RACK-1’s germline expression using CRISPR tagged 

alleles of rack-1. 

4.1 rack-1 null mutants do not display germline proliferation defects  

 glp-1(ar202gf)’s over-proliferation phenotype was enhanced when rack-1 was 

knocked out through the use of a genetic mutant allele, rack-1(tm2262). The strain 

carrying rack-1(tm2262), generated by the National BioResource Project (NBRP), was 

obtained from the Caenorhabditis Genetics Center (CGC) where it was outcrossed five 

times (Barstead et al., 2012). This allele contains a 331 bp deletion, removing the majority 

of the second and third exon of rack-1 (Figure 4.1). This is an in-frame deletion that may 

result in a truncated protein being produced; however, rack-1 RNAi did not enhance rack-

1(tm2262) associated phenotypes, and therefore is considered a true null allele (Demarco 

& Lundquist, 2010). This allele is the primary mutant allele used throughout this thesis; 

however, another allele, rack-1(ok3676), was used to ensure phenotypes observed were 

due to a loss of rack-1 and not any uncharacterized background mutations present in the 

strain. A strain carrying rack-1(ok3676), generated by the NBRP, was obtained from the 

CGC, where it was outcrossed once (Barstead et al., 2012). This allele contains a 591 bp 

deletion, removing half of exon 2 and 4, and all of exon 3 (Figure 4.1). This deletion results 
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in a frameshift of the remaining portion of exon four; however, no premature stop codon 

is formed. Worms carrying either allele did not express a protein detectable at the 

expected size (35.8 kDa)  as determined by western blot analysis of whole-worm lysate 

utilizing a RACK-1 C-terminal specific antibody generously provided by Dr. Shih-Peng 

Chan at National Taiwan University (Figure 4.1) (Chu et al., 2014). This antibody would 

have been able to detect the truncated protein that may be produce in rack-1(tm2262); 

however, no such protein was detected by western blot analysis (~25 kDa). 

 

 

Figure 4.1 – Genetic mutations for rack-1 A) Schematic of the rack-1 deletion mutants 

tm2262 and ok3676. B) Analysis of RACK-1 expression on whole worm lysate from 100 

young adult wildtype (one day past the L4 stage), rack-1(tm2262), and rack-1(ok3676) 

worms. RACK-1 was detected just above 35 kDa in the wildtype lane. Paramyosin was 

used as a loading control. * represents non-specific band.  
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Both mutant alleles are homozygous viable; however, these animals were 

significantly delayed in development compared to wildtype, and other mutant genotypes. 

Strains carrying rack-1(tm2262) or rack-1(ok2676) take about a day longer to develop 

from arrested L1 larva into L4 larva at 20 C. This is consistent with previously reported 

descriptions of rack-1(tm2262) (Demarco & Lundquist, 2010). Additionally, animals 

carrying either rack-1 mutant allele had significantly reduced brood sizes at 20 C 

compared to wildtype worms; wildtype (N2) – 239;  rack-1(tm2262) – 19; rack-

1(ok3676) – 12. This reduction in brood size was previously reported for rack-1(tm2262) 

and rack-1 RNAi (Ai et al., 2009; Demarco & Lundquist, 2010) (Table 4.1). rack-1 RNAi 

had been previously reported to result in sterility at 25 C (Ai et al., 2009). I confirmed this 

sterility with both rack-1(tm2262) and rack-1(ok3676) producing no viable progeny when 

grown at 25 C (Table 4.1).  

To determine if the reduction in brood size, and sterility, was a result of a decrease 

in the production of embryos, an embryonic viability assay was performed. This assay 

compares the number of embryos to the number of hatched worms produced (progeny) 

to determine embryo viability. Wildtype (N2) animals have almost 100% embryonic 

viability at 20 C, whereas rack-1(tm2262) and rack-1(ok3676) had 45% and 43% 

embryonic viability, respectively (Table 4.1). This highlights that rack-1 mutant animals 

produce fewer embryos compared to wildtype (92 - 95% reduction), and that roughly half 

of the embryos produced are not viable. At 25 C, these mutants still produced fewer 
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embryos compared to wildtype (90 - 99% reduction); however, none of these embryos 

were viable (0 progeny produced) (Table 4.1).  

This temperature sensitive phenotype of sterility has been previously reported for 

other genes, specifically pgl-1 and deps-1, whose proteins localize to germ granules (P 

granules) (Kawasaki et al., 1998; Spike et al., 2008). These studies demonstrated that 

maternal contribution of the protein of interest was sufficient to rescue the sterility found 

in mutant animals  (Kawasaki et al., 1998; Spike et al., 2008). To determine if a maternal 

contribution of RACK-1 was sufficient to rescue the reduction in embryos, and/or 

embryonic viability, an embryonic viability assay was performed on maternal + zygotic – 

animals (m+z-) at 25 C. These animals were non-balanced (rack-1(tm2262) 

homozygotes) F1 progeny from animals heterozygous for rack-1(tm2262). Half of the m+z- 

animals analyzed were sterile (5 out of 10 animals) and the other half of the animals gave 

rise to at least one progeny with a slight increase in the number of embryos produced 

(Table 4.1); therefore, maternal contribution is not sufficient to rescue the sterility and 

embryonic viability, although there appears to be some contribution. 
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Table 4.1 - Embryonic viability assay of rack-1 mutants and rack-1 CRISPR-tagged 
alleles  

 
 

a Single animals were put on individual plates and allowed to lay eggs for 24 hours at which point the were moved 
to a new plate. This was repeated until egg laying ceased, approximately 6 days. S.D. = Standard Deviation; Range = 
minimum-maximum values obtained. 
b The average number of progeny hatched was counted 48-72 hours after the parental worm was removed from 
the plate. S.D. = Standard Deviation; Range = minimum-maximum values obtained. 
c Embryonic viability was determined by dividing the average number of progeny hatched by the average number 
of embryos laid for each genotype. 
d n refers to total number of individual animals analyzed for each genotype.  
e Actual genotype; rack-1(ug12[rack-1::V5:2XFLAG]). 
f Actual genotype; rack-1(ug17[rack-1::V5::SBP]). 
g m+z—rack-1(tm2262) worms were obtained by picking non-balanced F1 progeny from rack-1(tm2262) 
heterozygous mothers (rack-1(tm2262)/nT1g; nT1g is a balancer chromosome that contains a wildtype copy of 
rack-1). 

 

 

Analysis at 20 C 
 
 

Genotype 

 
Average number 

of embryos laid 
(S.D.; range)a 

 
Average number of  

progeny hatched 
(S.D.; range)b 

 
Embryonic 

viability 
(%)c 

 
 
 

nd 

Wildtype (N2) 242 (47; 144-299) 239(47; 140-290) 99 14 

rack-1(tm2262) 42 (40; 0-113) 19(16; 0-42) 45 14 

rack-1(ok3676) 28 (22; 0-58) 12 (14; 0-38) 43 11 

rack-1(ug12)e 115 (25; 67-164) 166 (22; 127-207) 100 12 

rack-1(ug17)f 134 (21; 103-163) 181 (20; 149-206) 100 13 

Analysis at 25 C     

Wildtype (N2) 90 (31; 36-133) 106 (36; 52-153) 100 14 

rack-1(tm2262) 11 (17; 0-54) 0 (0; 0-0) 0 13 

m+z- rack-1(tm2262)g 17 (9; 8-36) 1 (1; 0-3) 6 10 

rack-1(ok3676) 1(2; 0-6) 0 (0; 0-0) 0 10 

rack-1(ug12)d 71 (17; 48-100) 84 (24; 44-123) 100 15 

rack-1(ug17)e 85 (19; 56-119) 85 (18; 57-123) 100 15 
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The reduction in viable embryos in rack-1 mutants is likely due to rack-1’s 

requirement in cytokinesis in the early embryo, as previously discussed in Chapter 1 (Ai 

et al., 2009; Nilsson et al., 2004); however, the reduction in the number of embryos 

produced could be due to a disruption in the  stem cell proliferation/ differentiation balance 

resulting in a decreased ability to produce gametes (sperm and/or oocytes). To determine 

if a loss of rack-1 alone disrupts stem cell proliferation, as seen in glp-1 gain-of-function 

mutant backgrounds, the germline phenotypes of both null mutants, tm2262 and ok3676 

were analyzed. The majority of the animals for both mutants had no ectopic proliferation 

as determined by -REC-8 (proliferation marker) and -HIM-3 (meiotic marker) staining 

or by whole mount DAPI (nuclear staining) (Table 4.2). rack-1 mutant germlines were 

smaller and had a decrease in the number of developing oocytes at both 20 C and 25 

C (Figure 4.2). Some of the animals analyzed had germlines that lacked the presence of 

developing oocytes and instead had only a small number of developing spermatocytes 

and mature sperm at the proximal end of the germline. These were referred to as 

‘defective oogenesis’ because they appeared to have failed to, or were delayed in, 

switching from spermatogenesis to oogenesis. Additionally, a very small percentage (less 

than 2% at 20 C, and less than 6% at 25 C) of germlines analyzed had proximal 

proliferation in the germline, suggesting that loss of rack-1 alone does not obviously 

disrupt the proliferation/differentiation balance, and/or that rack-1’s effect is masked due 

to redundancy with other genes within this pathway (Table 4.2). 
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Table 4.2 - Germline phenotypes associated with a loss of rack-1 

 
 

a Animals were either dissected one day past the L4 stage, fixed and stained with DAPI,  -REC-8 and -HIM-3 
antibodies, or analyzed by whole mount DAPI.  
b Wildtype refers to gonad arms with no proliferative cells outside of the proliferative zone and visible sperm and 
oocytes present. 
c Protumour (Pro) refers to gonad arms that have normal entry into meiosis but a pool of proliferative cells at the 
most proximal end of the germline.  
d Defective oogenesis refers to gonad arms that lack the presence of developing oocytes and have developing 
spermatocytes and sperm present at the proximal end of the germline. 
e Empty or underdeveloped refers to animals where no germline arm was detectable by whole-mount DAPI, or it 
was severely underdeveloped (very few cells).  
f n refers to total number of gonad arms analyzed. 

 Germline Phenotypea  

 
 

Genotype 

 
Wildtype 

(%)b 

 
Pro 
(%)c 

Defective 
oogenesis 

(%)d 

Empty or  
underdeveloped 

(%)e 

 
 

nf 

Analysis at 20 C     

rack-1(tm2262) 96 1 2 1 442 

rack-1(ok3676) 93 2 2 3 204 

Analysis at 25 C      

rack-1(tm2262) 85 0 9 6 334 

rack-1(ok3676) 85 6 9 0 82 
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Figure 4.2 - rack-1(0) germlines are smaller and have reduced oogenesis. 

Representative images of wildtype (N2) and rack-1(tm2262) young adult gonads at 20 C 

and 25 C. Animals were raised at 20 C or 25 C, dissected at one day past the L4 stage, 

and analyzed with DAPI (nuclear morphology). Scale bar = 20 m. 
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4.2 RACK-1’s expression in the germline  
 Previous research on rack-1 in C. elegans primarily focused on its role in the 

developing embryo and neurons (Ai et al., 2009, 2011; Demarco & Lundquist, 2010).  

RACK-1’s expression in these cells was determined using either a polyclonal antibody 

generated against mammalian RACK1 (sc-10775) or tagged transgenes of rack-1 

[IqEx463(rack-1::GFP + lin-15(+)) and IqIs126(rack-1::MYC + osm-6::GFP)). The 

polyclonal antibody utilized in previous publications, SC-10775, had been discontinued 

and replaced with a monoclonal antibody raised against the same C-terminal epitope of 

mammalian RACK1 (SC-17754) (Ai et al., 2009). Transgenes, both extrachromosomal 

(IqEx463) or integrated (IqIs126), are known to be formed from multiple copies of the 

construct, resulting in overexpression of the gene of interest, and are often silenced in the 

germline (Kelly et al., 1997; Praitis et al., 2001); therefore, I compared the expression 

pattern of the transgenes to that of the monoclonal antibody. Although strong expression 

of both transgenes was identifiable in the DTC, as previously reported, the expression 

pattern in the germline was very different from the pattern detected with the antibody. The 

Iqis126 transgene showed an expression pattern reminiscent of cytoplasmic/membrane 

expression, whereas the antibody showed punctate/aggregated expression throughout 

cells of the germline, similar to the published results with the polyclonal antibody (Ai et 

al., 2009) (Figure 4.3); however, the antibody gave the same expression pattern in rack-

1(tm2262) and control worms (N2) (Figure 4.3). The western blot analysis from Section 

4.1 suggests that rack-1(tm2262) most likely does not produce a detectable truncated 

protein; therefore, this immunostaining is likely non-specific. As the expression profiles 



 

106 

 

were inconsistent between the two reagents, and from previously published in vivo 

expression in the germline, I generated two independent CRISPR tagged alleles as 

CRISPR editing efficiency in C. elegans had been greatly improved (See Chapter 2 for 

details) (Dokshin et al., 2018). 

Previous characterization of the C-terminal tagged transgenes (IqEx463 and 

IqIs126) showed that the transgenes rescued both the neuronal defects and lowered 

brood size associated with rack-1(tm2262), suggesting that the inserted tag did not 

disrupt the function of RACK-1 (Demarco & Lundquist, 2010); therefore, CRISPR editing 

was designed to create two independent tagged alleles with either V5::2xFLAG tag (rack-

1(ug12)) or a V5::SBP tag (Streptavidin Binding Peptide) (rack-1(ug17)) inserted 

immediately before the stop codon at the end of exon four. Both the V5::2xFLAG, and 

V5::SBP tags were codon optimized to increase the likelihood of proper expression in the 

C. elegans germline. The expression of both tagged alleles was verified by western blot 

analysis of whole worm lysates (Figure 4.4). 
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Figure 4.3 - RACK-1’s in vivo expression using available reagents. Representative 

images of RACK-1 expression within the germline. A) RACK-1’s in vivo expression in 

wildtype (N2) and rack-1(tm2262) gonads. The area depicted is the transition zone with 

the distal end on the left-hand side. Animals were raised at 20 C, dissected at one day 

past the L4 stage, and RACK-1’s expression analyzed using the mammalian RACK1 

antibody (SC-17754) and DAPI (nuclear morphology). B) RACK-1’s in vivo expression 

determined utilizing the IqIs126 transgene (rack-1::MYC + osm-6::GFP). Animals were 

raised at 20 C, dissected at one day past the L4 stage, and RACK-1::MYC was detected 

with -MYC antibodies. The strong intensity at the distal most end (left, marked by *) of 

the germline represents expression in the DTC. Scale bar = 20 m. 
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Figure 4.4 - Expression of RACK-1 CRISPR tagged alleles. Expression of RACK-

1::V5::SBP (rack-1(ug17)) and RACK-1::V5::2xFLAG (rack-1(ug12)) was confirmed 

through western blot analysis on 100 young adult worms (one day past the L4 stage). 

Expression of the upshifted transgenes, and wildtype RACK-1 was detected using -

RACK-1 antibodies. Expression of the transgenes only was detected using -V5 

antibodies. Paramoysin was used as a loading control. 
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 In order to determine if the tagged alleles had any impact on RACK-1’s function, I 

performed an embryonic viability assay for rack-1(ug12) and rack-1(ug17). At 20 C both 

tagged alleles had 100% embryonic viability, producing 166 and 181 progeny respectively 

(Table 4.1) At 25 C none of the animals analyzed for either ug12 or ug17 were sterile, 

and instead had 100% embryonic viability, producing approximately 84 progeny (Table 

4.1); therefore, both tagged alleles appear to produce functional RACK-1 protein. The 

number of progeny produced was lower than that of wildtype; therefore, there may be 

some reduced function.  

 To further determine if tagging rack-1 interfered with proper RACK-1 function, the 

size of the proliferative zone was determined for both rack-1(ug12) and rack-1(ug17). 

rack-1(tm2262) alone, as mentioned previously, had a 45% reduction in the size of the 

proliferative zone compared to wildtype animals (as determined by total cell count) (Table 

4.5). rack-1(ug12) had an average of 162 cells and 143 cells at 20 C and 25 C 

respectively; a reduction of 33% and 31% compared to wildtype (Table 4.5). rack-1(ug17) 

had an average of 168 cells and 135 cells at 20 C and 25 C respectively; a reduction of 

31% and 36% compared to wildtype (Table 4.5). The PZ size in rack-1(ug12) and rack-

1(ug17) at both 20 and 25 C was statistically different than in rack-1(tm2262) animals 

(One-way ANOVA all p-values < 0.05). Although these alleles still had a reduction in the 

proliferative zone size compared to wildtype, the stability of the proliferative zone size 

between 20 C and 25 C is more reminiscent of wildtype than rack-1(tm2262), which 

gave a larger reduction between the two temperatures (Table 4.5). Taken together with 
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the embryonic viability assay, this data suggests that the CRISPR tagged rack-1 alleles 

may have some disrupted function but are still highly functional and similar to wildtype 

RACK-1. 

 

Table 4.3 - rack-1(ug12) and rack-1(ug17) proliferative zone analysis  

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI and -REC-8 antibodies. The 
length of the proliferative zone (PZ) was determined by counting the extent (germ cell diameter) of REC-8 
expression and averaged from a minimum of 10 animals. S.D. = Standard Deviation; Range = minimum-maximum 
values obtained. 
b The average total number of cells in the proliferative zone (PZ) was determined using DAPI staining (nuclear 
morphology). Cells were counted until the transition zone, marked by crescent-shaped nuclei (DAPI staining 
(nuclear morphology)).  
c n refers to total number of gonad arms analyzed. 
d Actual genotype; rack-1(tm2262). 
e Actual genotype; rack-1(ug12[rack-1::V5::2xFLAG]). 
f Actual genotype; rack-1(ug17[rack-1::V5::SBP]). 

 

 

 
 

Genotype 

Average length 
 of PZ (gcd)  

(S.D.; range)a 

Average total 
cells in PZ 

(S.D.; range)b 

 
 

nc 

Analysis at 20 C    

Wildtype (N2) 18 (2; 16-20) 242 (35; 183-307) 14 

rack-1(0)d 15 (2; 11-19) 133 (16; 110-160) 10 

rack-1(ug12)e 17 (1; 15-20) 162 (23; 123-194) 10 

rack-1(ug17))f 16 (1; 14-18) 168 (24; 130-196) 10 

Analysis at 25 C    

Wildtype (N2) 16 (2; 12-20) 208 (26; 180-256) 14 

rack-1(0)d 15 (2; 11-19) 86 (13; 71-108) 10 

rack-1(ug12)e 16 (1; 13-19) 143 (21; 106-168) 10 

rack-1(ug17)f 14 (1; 11-16) 134 (19; 103-165) 10 
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4.3 RACK-1’s germline expression  

 Key regulators in the GLP-1/Notch pathway, such as SYGL-1 and GLD-1, are 

expressed in distinct patterns in the germline that reflects their function within the 

proliferation/differentiation balance. SYGL-1 is expressed within the proliferative zone, 

reflective of its role in promoting proliferation, whereas GLD-1 is expressed at low levels 

in the proliferative zone and instead has much higher levels as cells enter into meiosis, 

consistent with its requirement for entry into and progression through meiosis  (Jones et 

al., 1996; Kocsisova et al., 2019; Shin et al., 2017); therefore, RACK-1’s expression 

profile could provide an insight into its role in regulating the proliferation/differentiation 

balance. I analyzed RACK-1’s in vivo expression pattern in the germline utilizing the 

CRISPR tagged alleles, rack-1(ug12(rack-1::V5::2XFLAG) and rack-1(ug17(rack-

1::V5::SBP) and -V5 antibodies. 

RACK-1 was expressed throughout the distal and proximal germline, with no 

obvious change in levels throughout (Figure 4.5). RACK-1 was excluded from the nuclei 

of cells in the distal end; however, low levels appeared to be present in the nucleus of 

developing oocytes; therefore, low levels distally cannot be conclusively ruled out (Figure 

4.6). RACK-1 appeared to be enriched in the cellular membrane, with lower levels within 

the cytoplasm, which is more apparent in developing oocytes (Figure 4.6). Interestingly, 

this expresion profile is similar to that detected with the Iqis126 transgene (Figure 4.3); 

however, in contrast to the IqIs126 transgene, no obvious enrichment of RACK-1 was 

detected in the DTC with rack-1(ug12) or rack-1(ug17). It is possible that the high levels 
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detected in the DTC with IqIs126 is due to the overexpression of RACK-1, as is common 

with transgenes. 

 In order to validate that RACK-1’s expression is enriched at the cellular membrane 

of germ cells, rack-1(ug12) and rack-1(ug17) were crossed into a background containing 

a transgene expressing the pleckstrin homology domain (PH) of rat PLC11, fused to the 

mCherry fluorscent-tag (Itis44[pie-1p::mCherry::PH(PLC11)]), generated in Dr. Dave 

Pilgrim’s laboratory. PH(PLC11) localizes to plasma membranes through its binding of 

phosphatidylinosoitol 4,5-bisphosphatase and can therefore be used to vizualize the 

cellular membrane (Kachur et al., 2008). This trangene has been demonstrated to be 

expressed within the C. elegans germline. Co-localization experiments demonstrated that 

RACK-1 does strongly co-localize with PH-mCherry expression throughout the germline 

(Figure 4.7). Additionaly, the germ cell membranes were the expected hexagonal shape, 

as seen in wildtype germlines, in contrast to the disrupted membrane organization 

phenotype previously associated with rack-1 RNAi. This further supports that that rack-

1(ug12), and rack-1(ug17) produce functional RACK-1 protein (Ai et al., 2009). 

The generation of tagged rack-1 alleles at the endogenous loci, which are 

expressed at endogenous levels, will be a useful reagent for future biochemical 

experiments focused on RACK-1; however, the uniform expression of RACK-1 throughout 

the germline did not provide any clarity on where in the genetic pathway controlling the 

proliferation/differentation decision RACK-1 functions. This data does support the 
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possibility of a role for rack-1 within the cells of the germline, as opposed to rack-1 only 

acting in somatic cells, such as the DTC, to impact the proliferation/differenation balance. 

 

Figure 4.5 - RACK-1’s in vivo expression using the CRISPR-tagged alleles. 

Representative images of rack-1(ug12[rack-1:V5::2xFLAG]) and rack-1(ug17[rack-

1::V5::SBP)]  young adult gonads. Animals were raised at 20 C, dissected at one day 

past the L4 stage, and analyzed for RACK-1 expression using -V5 antibodies. Nuclear 

morphology was detected using DAPI. Scale bar = 20 m. 
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Figure 4.6 - RACK-1’s expression in the distal end of the germline and developing 

oocytes. Representative images of rack-1(ug12[rack-1::V5::2xFLAG]) young adult 

gonadss. Animals were raised at 20 C, dissected at one day past the L4 stage, and 

analyzed for RACK-1 expression using -V5 antibodies. Nuclear morphology was 

detected using DAPI. Scale bar = 20 m. A) A magnified image of RACK-1::V5::2XFLAG’s 

expression in the proliferative zone B) A magnified image of RACK-1::V5::2XFLAG’s 

expression in developing oocytes as determined. The distal-most oocyte is located on the 

left, and the more proximal/mature oocyte is on the right. Scale bar = 20 m. 
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Figure 4.7 - RACK-1 is enriched at the cellular membrane of germ cells. 

Representative germline images from animals expressing both rack-1(ug12(rack-
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1::V5::2XFLAG)) and ItIs44[pie-1p::mCherry::PH(PLC11)]). Animals were raised at 20 

C, dissected at one day past the L4 stage, and analyzed for co-localization of RACK-1 

and PH::mCherry. RACK-1::V5::2xFLAG was detected with -V5 antibodies, 

PH::mCherry was detected based on endogenous mCherry expression. Nuclear 

morphology was detected using DAPI. The white bracket represents the area of the 

germline that is blown up in the righthand panel. The red spots present in the PH::mCherry 

panel is debris from the dissected animals stuck onto the germline. Scale bar = 20 m.
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Chapter 5: rack-1 is required for proper GLD-1 cellular localization and levels 

The over-proliferation phenotype associated with a loss of rack-1 in glp-1 gain-of-

function backgrounds suggests that rack-1 could function to inhibit proliferation or 

promote entry and/or progression through meiosis. As previously discussed, rack-1 does 

not appear to directly inhibit GLP-1/Notch signaling as a loss of rack-1 failed to expand 

the expression of SYGL-1, a direct GLP-1/Notch target (Figure 3.5 and 3.6). In addition, 

it remains unclear if rack-1 functions in the GLD meiotic pathways as no clear defect in 

meiotic entry was identified in various mutant backgrounds (Table 3.7). Previous research 

uncovered the potential for a protein-protein interaction between GLD-1 and RACK-1 

through IP-MS experiments (Akay et al., 2013). To investigate the possibility that rack-1 

may regulate GLD-1’s activity, GLD-1’s expression and localization was analyzed in rack-

1 mutants using available antibodies. In rack-1 mutants, GLD-1’s overall germline 

expression pattern resembled that of wildtype, low in the distal and proximal germline, 

and high in the meiotic zone of the germline until the loop region; however, GLD-1’s 

subcellular localization was dramatically disrupted in the absence of rack-1, with the 

formation of perinuclear GLD-1 aggregates. Using transgenes and available antibodies, I 

determined that the GLD-1 aggregates localized to P granules, sites of RNA metabolism, 

throughout the germline. The mislocalization of GLD-1 does not require GLD-1’s ability to 

bind RNA. GLD-1 levels were also found to be reduced in rack-1 mutant animals as 

compared to wildtype. I further demonstrate that rack-1 and gld-2 function independently 

to regulate GLD-1’s expression. This data highlights a potential mechanism where loss 

of rack-1 results in a disruption to GLD-1 (levels and localization), which likely reduces 
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GLD-1 function and disrupts the balance between proliferation and differentiation in the 

germline in sensitized backgrounds. 

5.1 RACK-1 is required for proper GLD-1 localization  

 GLD-1, a translational repressor, is required for the entry and progression through 

meiosis (Francis et al., 1995; Jones et al., 1996; Kadyk & Kimble, 1998). In the absence 

of GLD-1 germ cells enter meiosis normally, since GLD-2 is present, but fail to progress 

through meiotic prophase, reverting to mitosis and forming a proximal tumour (Francis et 

al., 1995). The germline accumulation pattern of GLD-1, low distally with increasing levels 

as the GSCs enter meiosis, has been shown to be required for proper germline 

organization (Figure 5.1) (Hansen, Wilson-Berry, et al., 2004; Jones et al., 1996). 

Interestingly, GLD-1’s overall germline accumulation pattern of being low in the distal end 

then increasing with high levels as cells enter meiosis, was similar to wildtype in rack-1 

mutant germlines; however, its subcellular localization pattern was significantly altered 

(Figure 5.1). In the absence of rack-1, GLD-1 formed perinuclear aggregates throughout 

the germline at 20 C (Figure 5.1). This mislocalization phenotype was also seen in rack-

1(tm2262) and rack-1(ok3676) mutants at 25 C (Figure 5.2). Surprisingly, GLD-1’s 

subcellular localization in rack-1 mutants at 15 C resembled that of wildtype germlines 

(Figure 5.3). This may help to explain the increase in germline phenotypes (sterility, 

decreased production of oocytes and embryos) associated with rack-1 mutants at higher 

temperatures. 
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Figure 5.1 - GLD-1 is mislocalized in rack-1 mutant germlines at 20 C. Representative images of the GLD-1 expression 

in wildtype (N2), rack-1(tm2262), and rack-1(ok3676) young adult germlines. Animals were raised at 20 °C, dissected at 

one day past the L4 stage, stained with -GLD-1 antibodies. Nuclear morphology was detected using DAPI. The white 

bracket represents the area of the germline that has been blown up in the bottom panel of the image. Scale bar = 20 m. 
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Figure 5.2 - GLD-1 is mislocalized in rack-1 mutant germlines at 25 C. Representative images of the GLD-1 expression 

in wildtype (N2), rack-1(tm2262), and rack-1(ok3676) young adult germlines. Animals were raised at 25 °C, dissected at 

one day past the L4 stage, stained with -GLD-1 antibodies. Nuclear morphology was detected using DAPI. The white 

bracket represents the area of the germline that has been blown up in the bottom panel of the image. Scale bar = 20 m. 
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Figure 5.3 – GLD-1 has wildtype localization in rack-1 mutant germlines at 15 C. Representative images of the GLD-

1 expression in wildtype (N2), rack-1(tm2262), and rack-1(ok3676) young adult germlines. Animals were raised at 15 °C, 

dissected at one day past the L4 stage, stained with -GLD-1 antibodies. Nuclear morphology was detected using DAPI. 

The white bracket represents the area of the germline that has been blown up in the bottom panel of the image. Scale bar 

= 20 m.
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5.2 GLD-1 localizes to P granules in rack-1 mutant germlines 

The GLD-1 aggregates that are formed in rack-1 mutants appeared to be peri-

nuclear, reminiscent of the patterning of C. elegans germ granules, P granules, in the 

germline. P granules are ribonucleoprotein granules (RNP) that become restricted to the 

cell lineage responsible for germline development, the P cell lineage (Strome & Wood, 

1982). P granules are present throughout both embryonic and germline development at 

all stages, in both mitotic and meiotic cells, including developing oocytes (Strome & 

Wood, 1982). As mentioned in Chapter 1, these RNPs contain a wide array of proteins 

and maternally contributed mRNAs (Reviewed by: (Updike & Strome, 2010)). One core 

protein required for P granule assembly is PGL-1 (Kawasaki et al., 1998). PGL-1 is 

associated with P granules at all developmental stages, and therefore, is a good marker 

to visualize P granules (Kawasaki et al., 1998). Interestingly, GLD-1 has been shown to 

localize to P granules, through PGL-1 co-localization experiments, in developing embryos 

(Jones et al., 1996) and more recently, a portion of wildtype GLD-1 has been shown to 

be present in P granules within the adult germline (Ellenbecker et al., 2019). To 

investigate the possibility of GLD-1 localizing to P granules in rack-1 mutants, co-

localization experiments were performed using a monomeric RFP tagged transgene of 

PGL-1 (Chihara & Nance, 2012). This experiment demonstrated that GLD-1 co-localizes 

with PGL-1 when mislocalized in rack-1(tm2262) germlines (Figure 5.4). This co-

localization data supports the hypothesis that a substantial fraction of GLD-1 localizes to 

P granules in the absence of rack-1. Future analysis should be performed to quantify and 
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compare the levels of cytoplasmic GLD-1 versus P granule aggregated GLD-1 in rack-1 

mutants as there may still be low levels within the cytoplasm.
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Figure 5.4 - GLD-1 co-localizes with the P granule component PGL-1 in rack-1(tm2262) germlines. Representative 

images of animals expressing both rack-1(tm2262) and zuIs244[nmy-2p::PGL-1::RFP]. Animals were raised at 20 °C, 

dissected at one day past the L4 stage, dissected and stained with -GLD-1 antibodies (green). PGL-1’s expression was 

detected based on endogenous RFP expression (red). Nuclear morphology (blue) was detected using DAPI. The distal end 

of the germline is on the top left of the image. The white bracket represents the area of the germline that has been blown 

up in the lower panel of the image. Scale bar = 20 m.
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5.3 The mislocalization of GLD-1 to P granules in rack-1 mutants does not require 

RNA binding  

Many P granule associated proteins are RNA-binding proteins, in agreement with 

the role of P granules in RNA metabolism and processing (Reviewed in: (Updike & 

Strome, 2010); therefore, it is possible that the sub-cellular mislocalization of GLD-1 to P 

granules is dependent on GLD-1’s ability to bind mRNA. A mutant gld-1 allele, gld-

1(q361), was used in combination with rack-1(tm2262), to determine if this mislocalization 

depends on GLD-1’s RNA binding ability. The gld-1(q361) allele, obtained from EMS 

mutagenesis, contains a nonsynonymous point mutation within the KH domain (RNA 

binding domain) of GLD-1 (G227D), resulting in the expression of a full-length protein that 

is unable to bind to mRNA and is considered a null allele (Chen et al., 1997; Francis et 

al., 1995; Jan et al., 1999; Lee & Schedl, 2001). GLD-1 still displayed subcellular 

mislocalization in gld-1(q361); rack-1(tm2262) germlines, suggesting GLD-1 

mislocalization in the absence of RACK-1 activity does not depend on GLD-1’s ability to 

bind to mRNA (Figure 5.5). This indicates that protein-protein interactions may be 

required for GLD-1’s mislocalization in rack-1 mutants. This may also hold true for the 

subset of GLD-1 that is enriched in P granules in wildtype germlines (Ellenbecker et al., 

2019). 
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Figure 5.5 - GLD-1 is mislocalized in gld-1(q361); rack-1 mutant germlines at 20 C. 
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Figure 5.6 - GLD-1 is mislocalized in gld-1(q361); rack-1 mutant germlines at 20 C. 

Representative images of the GLD-1 expression in gld-1(q361) and gld-1(q361); rack-

1(tm2262) young adult germlines. Animals were raised at 20 °C, dissected at one day 

past the L4 stage, stained with -GLD-1 antibodies. Nuclear morphology was detected 

using DAPI. The white bracket represents the area of the germline that has been blown 

up in the bottom panel of the image. Scale bar = 20 m.
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5.4 RACK-1 is required for proper GLD-1 levels 

 Immunofluorescent analysis of GLD-1 in rack-1 mutants suggested that GLD-1 is 

mislocalized in the absence of rack-1(0). To determine if GLD-1 levels are also affected 

in the absence of rack-1, GLD-1 accumulation was compared between wildtype and rack-

1(tm2262) animals. Interestingly, GLD-1’s overall levels were lowered, as compared to 

wildtype, at all temperatures – 15 C – 24% reduction; 20 C – 19% reduction; 25 C 33% 

reduction (Figure 5.6). This reduction in GLD-1 levels was statistically significant at all 

three temperatures (One sample t-test p-values < 0.0001). rack-1(tm2262) gonads 

appear smaller (shorter) than wildtype gonads; therefore, the maximum GLD-1 level 

measured, or peak GLD-1, was compared between the two genotypes at all three 

temperatures. At 15 C rack-1(tm2262) peak GLD-1 was reduced by 17% (wildtype = 

2017 a.u.; rack-1(tm2262) = 1683 a.u.; Unpaired t-test p-value < 0.0001). At 20 C peak 

GLD-1 was reduced by 17% (wildtype = 1862 a.u.; rack-1(tm2262) = 1552 a.u.; Unpaired 

t-test p-value < 0.0001). At 25 C peak GLD-1 was reduced by 28% (wildtype = 1773 a.u.; 

rack-1(tm2262) = 1274 a.u.; Unpaired t-test p-value < 0.0001). This demonstrates that 

GLD-1’s expression is reduced in rack-1 mutants, independently of the reduction in gonad 

size.  

Interestingly, GLD-1 levels were lowered in rack-1(tm2262) mutants at 15 C even 

though the localization of GLD-1 remains relatively wildtype (Figure 5.3). This suggests 

that the mislocalization seen at higher temperatures is not simply due to a loss of 

cytoplasmic GLD-1, making GLD-1 localized within P-granules more apparent. This 

supports the hypothesis that rack-1 is required to prevent the majority of GLD-1, either 
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directly or indirectly, from localizing to P granules. It also suggests that rack-1 may play 

a role in stabilizing or protecting GLD-1 from degradation, allowing for proper 

accumulation within the germline. 
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Figure 5.7 - GLD-1 levels are reduced in rack-1(tm2262). Graphs depicting the average GLD-1 accumulation profiles in 

Wildtype (blue) and rack-1(tm2262) (orange) germlines raised at 15 C (left) 20 C (center) and 25 C (right). GLD-1’s 

expression was determined using -GLD-1 antibodies. The x-axis is distance in m from the distal tip cell (DTC) to the loop 

region of the germline. The y-axis is the intensity of antibody staining in arbitrary units. The area under the curve, 

representing total GLD-1, was calculated and supplied in the tables underneath the graphs. 
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 To verify the reduction in GLD-1 levels, western blot analysis of whole protein 

lysate was performed on wildtype and rack-1 animals. GLD-1 is present in both the 

germline and developing embryos (Jones et al., 1996); therefore, to restrict the analysis 

to only germline expressed GLD-1, L4 animals were used as they have not begun 

producing fertilized embryos. In agreement with the in vivo analysis, western blot analysis 

also showed a reduction in GLD-1 levels in rack-1(tm2262) animals compared to wildtype 

(Normalized Ratio of GLD-1 in rack-1(tm2262) compared to wildtype= 0.17, n=2) (Figure 

5.7); however, the percent reduction calculated between the two experiments is very 

different – in vivo ~19% reduction vs western blot ~83%. The exact reduction of GLD-1 

levels in rack-1(tm2262) germlines remains unclear; however, the trend is that GLD-1 is 

lowered in the absence of rack-1. 
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Figure 5.8 - GLD-1 levels are reduced in rack-1(tm2262) as determined by western 

blot analysis. GLD-1 levels were determined through western blot analysis of 100 L4 

worms of each genotype [wildtype and rack-1(tm2262)]. GLD-1 expression was detected 

using -GLD-1 antibodies, RACK-1 expression was detected using -RACK-1 antibodies. 

-TUBULIN was used as a loading control A) A Representative image of western blot 

analysis of GLD-1 in wildtype versus rack-1(tm2262) B) The normalized intensity ratio 

(arbitrary units) of GLD-1 between rack-1(tm2262) (0.17 ± 0.02) and wildtype (1.0 ± 0), 

n=2. Error bars represent ± standard deviation (S.D). The asterisk represents the 

statistical difference determined by a paired t-test *p-value = 0.0130.  
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5.5 rack-1 functions independently from gld-2 to regulate GLD-1 expression 

 GLD-1’s germline accumulation pattern, and expression levels, are known to be 

regulated by two opposing mechanisms; FBF-1 and FBF-2 function in the proliferative 

zone to repress gld-1 expression, while GLD-2 functions to promote gld-1 expression for 

entry into meiosis (Hansen, Wilson-Berry, et al., 2004; Hansen & Schedl, 2013; Jiang & 

Hui, 2008; Suh et al., 2006, 2009). The data presented above suggests that rack-1 may 

function to promote the accumulation of GLD-1, as a loss of rack-1 results in a decrease 

in GLD-1 levels. To investigate the possibility that rack-1 functions with gld-2 to promote 

GLD-1 accumulation, GLD-1 levels were analyzed in gld-2(q497); rack-1(tm2262).  

 GLD-2, a catalytic subunit of a poly(A) polymerase, promotes the accumulation of 

target mRNAs through stabilization upon the addition of a poly(A) tail (Wang et al., 2002). 

gld-2(q497) mutant animals have been shown to have reduced gld-1 mRNA and protein 

levels (Suh et al., 2006). If rack-1 functions with gld-2 to regulate GLD-1 levels, there 

should be no measurable difference in GLD-1 accumulation between gld-2(q497) and 

gld-2(q497); rack-1(tm2262) mutants. Interestingly, gld-2(q497); rack-1(tm2262) had 

statistically significant reduction in total overall GLD-1 levels (33%; One sample t-test p-

value < 0.0001), and a 27% reduction of peak GLD-1 as compared to gld-2(q497) alone 

(gld-2(q497) = 1801 a.u.; gld-2(q497); rack-1(tm2262) = 1311 a.u.; Unpaired t-test p-value 

< 0.0001) (Figure 5.8). This suggests that rack-1 functions independently of gld-2 to 

promote GLD-1 expression within the germline.  

As yeast and mammalian RACK-1 orthologs have been shown to be required for 

ribosome function and protein translation, it is possible that rack-1 is required for proper 
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translation of gld-1 (Gallo et al., 2018; Gerbasi et al., 2004); however, another possibility 

is that there is a protein-protein interaction between GLD-1 and RACK-1 that influences 

GLD-1’s stability and localization. Further research will be required to determine if the 

reduction of GLD-1 accumulation in the absence of rack-1 occurs at the translational or 

protein level.  

 The data in this chapter demonstrates that a loss of rack-1 has an impact on both 

the levels and subcellular localization of GLD-1. This data provides a possible mechanism 

by which the proliferation/differentiation balance is disrupted upon the loss of rack-1 in 

sensitized backgrounds; GLD-1 levels are lowered, and sub-cellular localization 

disrupted, resulting in a decrease in function of GLD-1, which in turn disrupts the 

proliferation/differentiation balance. 
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Figure 5.9 - GLD-1 levels are reduced in gld-2(q497); rack-1(tm2262) compared to 

gld-2(q497). A Graph depicting the average GLD-1 accumulation profiles in gld-2(q497) 

and gld-2(q497); rack-1(tm2262) germlines raised 20 C. GLD-1’s expression was 

determined using -GLD-1 antibodies. The x-axis is distance in m from the distal tip cell 

(DTC) to the loop region of the germline. The y-axis is the intensity of antibody staining in 

arbitrary units. The area under the curve, representing total GLD-1, was calculated and 

supplied in the table below the graph. 
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Chapter 6 – rack-1 is required for proper GLD-1 function 

 The data presented in Chapters 3-5 have demonstrated that RACK-1 is expressed 

in the germline, where it is required to maintain proper homeostasis of germline stem cell 

proliferation and differentiation. Additionally, rack-1 is required for the proper localization 

and levels of GLD-1, a core protein required for entry and progression through meiosis 

(Jones et al., 1996). Taken together, this data indicates that rack-1 may influence the 

proliferation/differentiation balance by modulating GLD-1’s activity. Using the data 

presented in this chapter I will demonstrate that loss of rack-1 disrupts the 

proliferation/differentiation balance by reducing, but not abolishing, GLD-1’s activity. 

By comparing the germline phenotypes of gld-1 and gld-1; rack-1 null mutants, I 

demonstrate that a loss of rack-1 does not enhance gld-1(0) germline proliferation 

defects. Furthermore, rack-1 mutant germlines do not phenocopy gld-1(0) mutant 

germlines. This data highlights that GLD-1’s activity is reduced, not completely abolished, 

in the absence of rack-1. Additionally, using genetic analysis I demonstrate that loss of 

rack-1 and GLD-2 pathway function results in a disruption of germline 

proliferation/differentiation balance, without impacting the entry into meiosis decision. I 

demonstrate that a partial reduction of gld-1 in the absence of GLD-2 pathway function 

results in over-proliferation similar to what was seen with rack-1(0). I determined that the 

over-proliferation phenotype observed in the absence of gld-2 and rack-1 is Glp-1/Notch 

dependent. This agrees with GLD-1’s activity being reduced, but not abolished. 

Additionally, I demonstrate that a loss of rack-1 enhances germline defects associated 

with a gld-1 partial loss-of-function allele, gld-1(op236).   Finally, I demonstrate that a loss 
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of rack-1 phenocopies a partial reduction of gld-1 in a fbf-1 fbf-2 mutant background. This 

data supports the model that rack-1 functions to modulate GLD-1’s activity through 

regulating GLD-1’s subcellular localization and overall levels.

6.1 rack-1(0) does not enhance gld-1(0) germline over-proliferation phenotype but 

slightly enhances germline defects in gld-1 heterozygotes 

 These data presented above indicates that rack-1 may exert its influence on the 

proliferation/differentiation balance by controlling GLD-1’s activity by regulating GLD-1’s 

sub-cellular localization and levels (Chapter 5). As mentioned previously, GLD-1 is a 

translational repressor required for the entry and progression through meiosis (Francis et 

al., 1995; Jones et al., 1996; Kadyk & Kimble, 1998). In the absence of gld-1, cells are 

able to enter into meiosis, as the redundant GLD-2 pathway is present; however, the cells 

are unable to progress through meiotic prophase and revert back to mitosis, resulting in 

the formation of a proximal tumour (de-differentiation) (Figure 6.1) (Francis et al., 1995). 

gld-1(q485) is a frameshift mutation resulting from an ~82 bp deletion within exon 2, 

causing no detectable protein to be produced, and is therefore considered a true null 

allele (Francis et al., 1995; Jones et al., 1996; Jones & Schedl, 1995). If the 

mislocalization of GLD-1 in rack-1 mutants completely disrupts GLD-1’s activity, then 

rack-1(tm2262) germlines should display similar germline defects as gld-1(q485) animals. 

Approximately 1% of rack-1(tm2262) germlines analyzed had proximal tumours, whereas 

100% of gld-1(q485) germlines display proximal tumours as determined by whole mount 

DAPI (nuclear staining), -REC-8 (proliferation marker) and -HIM-3 (meiotic marker) 

staining (Table 6.1). This data demonstrates that the mislocalized GLD-1 in rack-1 
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mutants retains some wildtype function as rack-1(tm2262) germlines do not phenocopy 

gld-1(q485). Moreover, gld-1(q485); rack-1(tm2262) germlines displayed normal entry 

into meiosis, with ectopic proliferation being restricted to the proximal germline, with no 

apparent difference from gld-1(q485) germlines, as determined by -REC-8 (proliferation 

marker) and -HIM-3 (meiotic marker) staining (Figure 6.1). This suggests that loss of 

rack-1 does not enhance the over-proliferation phenotype of gld-1(q485). This data 

supports the model that the lower levels of GLD-1, and mislocalization of GLD-1, in rack-

1 mutants reduces, but does not eliminate, GLD-1 function. 
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 Table 6.1 - Loss of rack-1 does not enhance gld-1(q485) germline phenotypes 

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, and -REC-8 and -HIM-3 
antibodies. The germline phenotype was scored based upon the presence of REC-8 positive cells outside of the 
proliferative zone. 
b Wildtype refers to gonad arms with no REC-8 outside of the proliferative zone.  
c Proximal tumour (Pro) refers to gonad arms that have normal relatively normal distal germline but a pool of 
proliferative cells (REC-8 positive) at the most proximal end of the germline. 
d Other includes germlines classified as defective oogenesis and Empty or underdeveloped (See Table 4.1.2 for full 
description and numbers). 
e n refers to total number of gonad arms analyzed. 
f Actual genotype; gld-1(q485). 
g Actual genotype; rack-1(tm2262). 
h Actual genotype; gld-1(485); rack-1(tm2262). 

Analysis at 20 C Germline Phenotypea 

Genotype Wildtypeb  
(%) 

Proc 
(%) 

Otherd  
(%) 

ne 

gld-1(0)f 0 100 0 117 

rack-1(0)g 96 1 3 442 

gld-1(0); rack-1(0)h 0 100 0 111 

Analysis at 25 C     

gld-1(0)f 0 100 0 104 

rack-1(0)g 85 0 15 334 

gld-1(0); rack-1(0)h 0 100 0 112 



 

144 

 

 

Figure 6.1 – Loss of rack-1 does not enhance gld-1(0) germline phenotype. 

Representative images of gld-1(q485) and gld-1(q485); rack-1(tm2262) young adult 

gonads. Animals were raised at 20 C, dissected at one day past the L4 stage, and 

analyzed for ectopic proliferation using -REC8 (proliferation marker) and -HIM-3 

(meiotic marker) antibodies. Nuclear morphology was detected using DAPI. Scale bar = 

20 m. 
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Complete loss of gld-1 results in cells failing to progress through meiosis and 

instead returning to the mitotic cell cycle (Francis et al., 1995); however, gld-1 

heterozygote animals do not display any germline defects at 20 C or 25 C (Table 6.2 

and Figure 6.2). If loss of rack-1 does reduce GLD-1’s activity, then rack-1(tm2262) may 

enhance gld-1 mutant phenotypes in gld-1 heterozygote animals (gld-1(q485/tmC18-- 

tmC18 is a balancer chromosome that contains a wildtype copy of gld-1). Interestingly, 

4% of gld-1(+/q485); rack-1(tm2262) germlines analyzed at 20 C and 25 C displayed 

proximal tumours compared to less than 1% in rack-1(tm2262) determined by -REC-8 

and -HIM-3 staining (Table 6.2). gld-1(+/q485); rack-1(tm2262) germlines displayed 

reduced oogenesis similar to rack-(tm2262) germlines (Figure 6.2). Additionally, a portion 

of gld-1(+/q485); rack-1(tm2262) germlines analyzed displayed a delay in pachytene 

progression, with cells in pachytene being present past the loop, where developing 

oocytes (diplotene/diakinesis cells) are normally located (20 C = 41% n=110; 25 C = 

24% n=153) (Table 6.3 and Figure 6.2). This delayed meiotic progression was not 

observed in gld-1(q485/tmC18) animals (20 C n = 65; 25 C n = 124) or rack-1(tm2262) 

animals (20 C n= 60; 25 C n = 43) (Table 6.3). This data demonstrates that loss of rack-

1 enhances gld-1 mutant phenotypes, delayed meiotic progression and ectopic 

proliferation, in gld-1 heterozygous animals.
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Table 6.2 - Loss of rack-1 enhances germline defects in gld-1 heterozygous animals 

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, and -REC-8 and -HIM-3 
antibodies. The germline phenotype was scored based upon the presence of REC-8 positive cells outside of the 
proliferative zone. 
b Wildtype refers to gonad arms with no REC-8 outside of the proliferative zone.  
c Proximal tumour (Pro) refers to gonad arms that have normal relatively normal distal germline but a pool of 
proliferative cells (REC-8 positive) at the most proximal end of the germline. 
d n refers to total number of gonad arms analyzed. 
e Actual genotype; gld-1(q485/tmC18). 
f Actual genotype; rack-1(tm2262). 
g This includes other rack-1(tm2262) germline defects that did not have ectopic proliferation (defective oogenesis 
and Empty or underdeveloped (See Table 4.1.2 for full description and numbers). 
h Actual genotype; gld-1(q485/tmC18); rack-1(tm2262). 
 

 

 

 

 

 

Analysis at 20 C Germline Phenotypea 

Genotype Wildtype (%)b Pro (%)c nd 

gld-1(het)e 100 0 117 

rack-1(0)f 99g 1 442 

gld-1(het); rack-1(0)h 96 4 110 

Analysis at 25 C    

gld-1(het)f 100 0 104 

rack-1(0)g 100 0 334 

gld-1(het); rack-1(0)h 96 4 153 
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Table 6.3 - Loss of rack-1 delays meiotic progression in gld-1 heterozygous animals  

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI. The germline phenotype was 
scored based upon nuclear morphology as determined by DAPI staining. 
b Wildtype refers to gonad arms where cells progressed from pachytene into diplotene/diakinesis at the loop of 
the gonad arm. 
c Extended pachytene refers to gonad arms where cells did not progress into diplotene/diakinesis at the loop, and 
instead had an extended region of pachytene with late-pachytene staged nuclei past the loop. 
d n refers to total number of gonad arms analyzed. 
e Actual genotype; gld-1(q485/tmC18). 
f Actual genotype; rack-1(tm2262). 
g Actual genotype; gld-1(q485/tmC18); rack-1(tm2262). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Analysis at 20 C Germline Phenotypea 

 
Genotype 

Wildtypeb 
 (%) 

Extended 
Pachytenec (%) 

 
nd 

gld-1(het)e 100 0 65 

rack-1(0)f 100 0 60 

gld-1(het); rack-1(0)g 59 41 110 

Analysis at 25 C    

gld-1(het)e 100 0 124 

rack-1(0)f 100 0 43 

gld-1(het); rack-1(0)g 76 24 153 
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Figure 6.2 - Loss of rack-1 results in delayed meiotic progression in gld-1 heterozygous animals. Loss of rack-1 

does not enhance gld-1(0). Representative images of gld-1(q485/tmC18), rack-1(tm2262) and gld-1(q485/tmC18); rack-

1(tm2262) young adult gonads. Animals were raised at 20 °C (top) and 25 °C (bottom), dissected at one day past the L4 

stage and analyzed for delayed transition from pachytene to diplotene/diakinesis using DAPI to determine nuclear 

morphology. Arrow ( ) represents first visible diplotene nuclei indicating progression through pachytene. * represents the 

loop of the germline. Scale bar = 20 m. 
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6.2 Loss of rack-1 in GLD-2 pathway mutant backgrounds results in a germline 

over-proliferation phenotype 

The GLD-1 and GLD-2 meiotic pathways function redundantly to promote entry 

into meiosis (Eckmann et al., 2004; Hansen et al., 2004; Kadyk & Kimble, 1998). Genetic 

analysis between rack-1 and core GLD pathway components, discussed in Chapter 3, 

demonstrated that loss of rack-1 does not completely disrupt GLD-1 activity and/or 

pathway function, as no impact on the entry into meiosis decision was observed when 

combined with core GLD-2 pathway mutants, gld-2(q497) and gld-3(q730) (Table 3.7). It 

is possible that GLD-1’s activity is not reduced enough in rack-1 mutants for GLD-1 

pathway function to be disrupted, resulting in normal entry into meiosis. Although the entry 

into meiosis decision was not disrupted in rack-1(0) GLD-2 pathway double mutants, 

these animals displayed disrupted germline organization with the formation of proximal 

tumours. 

GLD-2, a catalytic subunit of a poly(A) polymerase, functions redundantly with 

GLD-1 to promote entry into meiosis. In the absence of gld-2 cells are able to enter into 

meiosis, as the redundant GLD-1 pathway is present; however, cells arrest in an 

abnormal pachytene state and gametogenesis fails to occur (Kadyk & Kimble, 1998). The 

gld-2 null allele, gld-2(q497), contains a single nucleotide mutation that results in a 

premature stop codon with no detectable protein produced (Wang et al., 2002). At 20 C 

gld-2(q497) animals have a low penetrance of proximal tumour formation (~2%) (Kadyk 

& Kimble, 1998); however at 25 C 33% of gld-2(q497) animals display proximal tumour 

formation (two days past the L4 stage) (Park et al., 2020). At 25 C young adult gld-
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2(q497) animals (one day past the L4 stage) displayed 3% proximal tumour formation 

(Table 6.4 and Figure 6.3). The difference in the penetrance of Pro germlines may be 

attributable to the age difference between animals analyzed. Interestingly, at 25 C gld-

2(q497); rack-1(tm2262) germlines displayed an increase in the formation of proximal 

tumours (67%) compared to gld-2(q497) (3%) or rack-1(tm2262) (0%) alone as 

determined by -REC-8 and -HIM-3 staining (Table 6.4 and Figure 6.3). This over-

proliferation phenotype was not observed when animals were raised at 20 C. 
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Table 6. 4 - Loss of rack-1 enhances proximal tumour formation in gld-2(0) animals 

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, and -REC-8 and -HIM-3 
antibodies. The germline phenotype was scored based upon the presence of REC-8 positive cells outside of the 
proliferative zone. 
b Wildtype refers to gonad arms with no REC-8 outside of the proliferative zone.  
c Proximal tumour (Pro) refers to gonad arms that have normal relatively normal distal germline but a pool of 
proliferative cells (REC-8 positive) at the most proximal end of the germline. 
d n refers to total number of gonad arms analyzed. 
e Actual genotype; gld-2(q497). 
f This includes gld-2(0) germline defects that did not have ectopic proliferation (arrested meiotic cells and 
gametogenesis failure). 
g Actual genotype; rack-1(tm222) 
h This includes other rack-1(tm2262) germline defects that did not have ectopic proliferation (defective oogenesis 
and empty or underdeveloped (See Table 4.1.2 for full description and numbers). 
i Actual genotype; gld-2(q497); rack-1(tm2262) 
j This includes gld-2(0) germline defects that did not have ectopic proliferation (arrested meiotic cells and 
gametogenesis failure). No germlines displayed known rack-1(0) germline defects.  

Analysis at 20 C Germline Phenotypea 

Genotype Wildtype (%)b Pro (%)c nd 

gld-2(0)e 99f 1 173 

rack-1(0)g 99h 1 442 

gld-2(0); rack-1(0)i 100j 0 147 

Analysis at 25 C    

gld-2(0)e 97f 3 154 

rack-1(0)g 100h 0 334 

gld-2(0); rack-1(0)i 33j 67 142 
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Figure 6.3 - Loss of rack-1 results in ectopic proliferation in gld-2(0) animals raised 

at 25 C. Representative images of gld-2(q497) and gld-2(q497); rack-1(tm2262) young 

adult gonads. Animals were raised at 25 C, dissected at one day past the L4 stage, and 

analyzed for ectopic proliferation using -REC8 (proliferation marker) and -HIM-3 

(meiotic marker) antibodies. Nuclear morphology was detected using DAPI. Scale bar = 

20 m. 
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GLD-3, a bicaudal-C homolog, is another core component of the GLD-2 pathway 

(Eckmann et al., 2002). GLD-3 complexes with GLD-2 to form active poly-A polymerase 

heterodimers (Eckmann et al., 2002; Wang et al., 2002). In the absence of gld-3 cells are 

able to enter into meiosis, as the redundant GLD-1 pathway is present; however, 

spermatogenesis is defective resulting in abnormal or stacked oocytes (Eckmann et al., 

2002). The gld-3 null allele, gld-3(q730), contains a 876 bp deletion resulting in a 

frameshift mutation with no detectable protein produced (Eckmann et al., 2004). Since 

loss of rack-1 resulted in proximal over-proliferation in gld-2(0) germlines, I predicted loss 

of rack-1 would have a similar impact on gld-3(0) germlines; therefore, gld-3(0); rack-1(0) 

animals were analyzed for germline defects. At 20 C gld-3(q730) and gld-3(q730); rack-

1(tm2262) animals did not display any proliferation/differentiation defects as determined 

by -REC-8 and -HIM-3 staining (Table 6.5); however, at 25 C 75% of gld-3(q730); 

rack-1(tm2262) germlines analyzed displayed a proximal proliferation phenotype versus 

4% for gld-3(q730) and 0% for rack-1(tm2262) alone (Table 6.5 and Figure 6.4). 
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Table 6.5 - Loss of rack-1 enhances proximal tumour formation in gld-3(0) animals  

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, -REC-8 and -HIM-3 antibodies. 
The germline phenotype was scored based upon the presence of REC-8 positive cells outside of the proliferative 
zone. 
b Wildtype refers to gonad arms with no REC-8 outside of the proliferative zone. 
c Proximal tumour (Pro) refers to gonad arms that have normal relatively normal distal germline but a pool of 
proliferative cells (REC-8 positive) at the most proximal end of the germline. 
d n refers to total number of gonad arms analyzed. 
e Actual genotype; gld-3(q730). 
f This includes gld-3(0) germline defects that did not have ectopic proliferation (abnormal or stacked oocytes). 
g Actual genotype; rack-1(tm2262). 
h This includes other rack-1(tm2262) germline defects that did not have ectopic proliferation (defective oogenesis 
and empty or underdeveloped (See Table 4.1.2 for full description and numbers). 
i Actual genotype; gld-3(q730); rack-1(tm2262). 
j This includes gld-3(0) germline defects that did not have ectopic proliferation (abnormal or stacked oocytes). No 
germlines displayed known rack-1(0) germline defects. 

Analysis at 20 C Germline Phenotypea 

Genotype Wildtype (%)b Pro (%)c nd 

gld-3(0)e 100f 0 138 

rack-1(0)g 99h 1 442 

gld-3(0); rack-1(0)i 100j 0 112 

Analysis at 25 C    

gld-3(0)e 96f 4 135 

rack-1(0)g 100h 0 334 

gld-3(0); rack-1(0)i 28j 72 89 
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Figure 6.4 - Loss of rack-1 enhances proximal tumour formation in gld-3(0) 

germlines at 25 C. Representative images of gld-3(q730) and gld-3(q730); rack-

(tm2262) young adult gonads. Animals were raised at 25 C, dissected at one day past 

the L4 stage, and analyzed for ectopic proliferation using -REC8 (proliferation marker) 

and -HIM-3 (meiotic marker) antibodies. Nuclear morphology was detected using DAPI. 

Scale bar = 20 m.
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 How loss of rack-1 in gld-2(q497) and gld-3(q730) backgrounds results in germline 

over-proliferation in the proximal end remains unclear. One possibility is that the over-

proliferation observed in these double mutants is due to the proposed reduction in GLD-

1 activity upon loss of rack-1. Complete loss of gld-1 alongside gld-2(0) or gld-3(0) results 

in the formation of meiotic-entry defect tumours, with little meiotic entry detected 

(Eckmann et al., 2004; Hansen, Hubbard, et al., 2004; Kadyk & Kimble, 1998). The extent 

of ectopic proliferation observed in gld-2(q497); rack-1(tm2262) or gld-3(q730); rack-

1(tm2262) germlines is significantly reduced from what is observed in gld-2(q497) gld-

1(485) or gld-1(485); gld-3(q730) (Figure 6.5 and Figure 6.6); however, since the loss of 

rack-1 only partially reduces GLD-1 function this is not surprising. Additionally, the meiotic 

entry defect tumour in gld-2(q497) gld-1(485) or gld-1(485); gld-3(q730) germlines would 

mask any downstream germline defect; therefore, it is still possible that this over-

proliferation may be related to a disruption of GLD-1 function in rack-1 mutants. It cannot 

yet be ruled out that the over-proliferation observed is due to a function of rack-1 that is 

independent of its control of GLD-1. Importantly, the formation of proximal tumours in gld-

2(q497); rack-1(tm2262) and gld-3(q730); rack-1(tm2262) germlines supports the idea 

that loss of rack-1 disrupts the proliferation/differentiation balance in sensitized 

backgrounds, further demonstrating a role for rack-1 in modulating the 

proliferation/differentiation balance in the germline of C. elegans.
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Figure 6.5 – gld-2(0); rack-1(0) germlines do not phenocopy gld-2(0) gld-1(0). 

Representative images of young adult gonads from gld-2(q497); rack-1(tm2262) (25 C) 

and gld-2(q497) gld-1(q485) (20 C). Animals were dissected at one day past the L4 stage 

and analyzed for ectopic proliferation using -REC8 (proliferation marker) and -HIM-3 

(meiotic marker) antibodies. Nuclear morphology was detected using DAPI. Scale bar = 

20 m. 
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Figure 6.6 - gld-3(0); rack-1(0) germlines do not phenocopy gld-1(0); gld-3(0). Representative images of young adult 

gonads from gld-1(q485); gld-3(q730) (20 C) and gld-3(q730); rack-1(tm2262) (25 C). Animals were dissected at one day 

past the L4 stage and analyzed for ectopic proliferation using -REC8 (proliferation marker) and -HIM-3 (meiotic marker) 

antibodies. Nuclear morphology was detected using DAPI. Scale bar = 20 M
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6.3 A reduction of GLD-1 phenocopies a loss of rack-1 in a gld-3 mutant 

background  

As mentioned above, it remains unclear how the loss of rack-1 in gld-2(0) and gld-

3(0) animals results in germline over-proliferation. One possibility is that this over-

proliferation phenotype is due to a function of rack-1 that is independent of its effect on 

GLD-1; however, it is also possible that the over-proliferation phenotype is due to a 

reduction in GLD-1 activity when it is lowered and mislocalized in rack-1 mutants.  To 

determine if the over-proliferation phenotypes observed in gld-3(q730); rack-1(tm2262) 

at 25 C might be due to a reduction in GLD-1 activity in rack-1 mutants, germline 

phenotypes in gld-1(het); gld-3(0) animals were analyzed (gld-1(q485/tmC18); gld-

3(q730) - tmC18 is a balancer chromosome carrying a wildtype copy of gld-1). 

At 25 C 4% of gld-3(q730) germlines displayed proximal over-proliferation, 

whereas no proximal proliferation was detected in gld-1(q485/tmC18) germlines alone 

(Table 6.6). Interestingly, 75% of gld-1(q485/tmC18); gld-3(q730) animals displayed 

proximal over-proliferation as determined by -REC-8 and -HIM-3 staining (Table 6.6 

and Figure 6.7). This suggests that a partial reduction of GLD-1 activity (gld-1(het)) in a 

gld-3 mutant background results in proximal over-proliferation. This demonstrates that a 

reduction in GLD-1 activity leads to a disruption in the proliferation/differentiation balance 

in GLD-2 pathway mutants. Loss of rack-1 in a GLD-2 pathway mutant (gld-2(0) or gld-

3(0)) resulted in proximal over-proliferation as well. This supports the proposed model 

that GLD-1’s activity is reduced when it is mislocalized and lowered in rack-1 mutants.  
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Table 6.6 - A partial reduction in gld-1 enhances proximal tumour formation in gld-
3(0) animals  

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, and -REC-8 and -HIM-3 
antibodies. The germline phenotype was scored based upon the presence of REC-8 positive cells outside of the 
proliferative zone. 
b Wildtype refers to gonad arms with no REC-8 outside of the proliferative zone. 
c Proximal tumour (Pro) refers to gonad arms that have normal relatively normal distal germline but a pool of 
proliferative cells (REC-8 positive) at the most proximal end of the germline. 
d n refers to total number of gonad arms analyzed. 
e Actual genotype; gld-3(q730). 
f This includes gld-3(0) germline defects that did not have ectopic proliferation (abnormal or stacked oocytes). 
g Actual genotype; gld-1(q485/tmC18) – tmC18 is a balancer chromosome carrying a wildtype copy of gld-1. 
h Actual genotype; gld-1(q485/tmC18); gld-3(q730) – tmC18 is a balancer chromosome carrying a wildtype copy of 
gld-1. 
i This includes gld-3(0) germline defects that did not have ectopic proliferation (abnormal or stacked oocytes). 
 
 

 

Analysis at 25 C Germline Phenotypea 

Genotype Wildtype (%)b Pro (%)c nd 

gld-3(0)e 96f 4 135 

gld-1(het)g 100 0 124 

gld-1(het); gld-3(0)h 25i 75 98 
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Figure 6.7 - A partial reduction of gld-1 enhances proximal tumour formation in gld-3(0) at 25 C.  Representative 

images of gld-3(q730), gld-1(q485/tmC18), gld-1(q485/tmC18); gld-3(q730) young adult gonads. Animals were raised at 25 

C, dissected at one day past the L4 stage, and analyzed for ectopic proliferation using -REC-8 (proliferation marker) and 

-HIM-3 (meiotic marker) antibodies. Nuclear morphology was detected using DAPI. Scale bar = 20 m.
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As rack-1 does not disrupt the entry into meiosis decision in gld-3(0) or gld-2(0) 

germlines, meiotic entry-defects in the adult germline may not account for the over-

proliferation phenotype observed; however, proximal tumours can form due to a delay in 

the initial switch from mitosis to meiosis during early development (L3 stage), referred to 

as latent-niche dependent proliferation (McGovern et al., 2009). Conversely, proximal 

proliferation can form due to cells failing to progress through meiosis and re-entering the 

mitotic cell cycle. This de-differentiation phenotype is the cause of proximal proliferation 

in gld-1 null germlines (Francis et al., 1995). Further research investigating when in 

development these ectopic proliferative cells develop will be necessary to understand the 

mechanism underlying proximal tumour formation in these double mutant animals. 

6.4 The over-proliferation phenotype observed in gld-2(0); rack-1(0) is GLP-

1/Notch dependent  

  As previously mentioned, the GLD-1 and GLD-2 pathways function 

redundantly to promote entry into meiosis. When both pathways are disrupted, as in a 

gld-2(q497) gld-1(485) animals, meiotic entry is severely disrupted, resulting in the 

formation of a tumorous germline with little meiotic entry detected (Hansen, Hubbard, et 

al., 2004; Kadyk & Kimble, 1998). Interestingly, this meiotic entry-defective tumour was 

found to be GLP-1/Notch-independent, with gld-2(q730) gld-1(q485);glp-1(q175) 

germlines still displaying robust over-proliferation (Kadyk & Kimble, 1998), To determine 

if the ectopic proliferation observed upon loss of rack-1 with core GLD-2 pathway mutants 

forms independently of Glp-1/Notch, gld-2(q497);glp-1(q175);rack-1(tm2262) animals 

were analyzed.  
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 Interestingly, all gld-2(q497); glp-1(q175); rack-1(tm2262) germlines analyzed 

were Glp with no detectable ectopic proliferation as determined by whole-mount DAPI 

staining (nuclear morphology) (Table 6.7). This data suggests that the over-proliferation 

observed in gld-2(q730); rack-1(tm2262) is GLP-1/Notch-dependent. The data presented 

in the previous sections supports that GLD-1 activity is reduced, not abolished, in rack-

1(0) mutants; therefore, the over-proliferation phenotype in gld-2(q730); rack-1(tm2262) 

being GLP-1/Notch-dependent is not overly surprising as GLD-1 activity and GLD-1 

pathway function are not completely disrupted. 

 

Table 6.7 - Proximal tumour formation in gld-2(0); rack-1(0) animals is GLP-1/Notch-
dependent 

 
 

a Germline proliferative defective (Glp); A gonad arm was scored as Glp if only sperm was present in the gonad arm 
when analyzed at one day past the L4 as determined by whole mount DAPI (nuclear morphology) analysis. 
b n refers to total number of gonad arms analyzed. 
c Actual genotype; gld-2(q497); glp-1(q175). 
d Actual genotype; gld-2(q497); glp-1(q175); rack-1(tm2262). 
 
 
 
 
 

Analysis at 20 C                         
Genotype 

Glp (%)a nb 

gld-2(0); glp-1(0)c 100 135 

gld-2(0); glp-1(0); rack-1(0)d 100 184 

Analysis at 25 C   

gld-2(0); glp-1(0)c 100 146 

gld-2(0); glp-1(0); rack-1(0)d 100 169 
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6.5 Loss of rack-1(0) enhances mutant phenotypes of a gld-1 partial loss-of-

function allele gld-1(op236) 

 The data presented above supports a model where the mislocalized and reduced 

GLD-1 in rack-1(0) germlines has reduced activity leading to dysregulation of the balance 

between proliferation and differentiation in sensitized backgrounds. rack-1(0) germline 

phenotypes, sterility at 25 C and reduced oogenesis, are reminiscent of a partial loss-of-

function allele of gld-1, gld-1(op236), suggesting that the reduction of GLD-1 function may 

be similar in these two genetic backgrounds.  

The gld-1(op236) allele contains a nonsynonymous point mutation (V276F) within 

the KH domain (RNA binding domain) (Schumacher et al., 2005). This allele has relatively 

wildtype function at 20 C, but at the restrictive temperature (25 C) the germlines exhibit 

increased apoptosis due to the reduced ability to bind and repress cep-1 mRNA 

(Schumacher et al., 2005). The germlines of this mutant display no obvious defect in entry 

into meiosis but have meiotic progression defects with the germlines displaying an 

extended pachytene stage region with little to no diplotene/diakinesis nuclei (Schumacher 

et al., 2005). To determine if rack-1(0) does reduce GLD-1 activity, I analyzed rack-1(0)’s 

ability to enhance gld-1(op236) germline defects. 

I first analyzed the pachytene to diplotene/diakinesis transition in gld-1(op236); 

rack-1(tm2262) germlines at the permissive temperature (20 C). In wildtype germlines 

cells transition from pachytene stage to diplotene/diakinesis at the loop of the gonad arm 

(Hubbard & Greenstein, 2005). This transition is marked by both a reorganization of 

germline cells and chromatin reorganization. As germ cells enter diplotene the 
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chromosomes become condensed allowing the six individual bivalents to be observed 

(Hubbard & Greenstein, 2005). As chromosomal re-arrangement is occurring, the cells 

also rearrange into a single-file linear progression through oogenesis, with cell volume 

increasing as cells progress through diplotene forming mature oocytes (Hubbard & 

Greenstein, 2005). rack-1(tm2262) germlines do not display any delayed transition from 

pachytene to diplotene stage; however, they do show reduced oogenesis (Figure 4.2, 

Figure 6.8 and Table 6.8). No extended pachytene was observed in gld-1(op236) 

germlines as determined by DAPI staining (nuclear morphology), in agreement with 

previous reports (Schumacher et al., 2005), nor did they display reduced oogenesis as 

seen in rack-1(tm2262) (Figure 6.8 and Table 6.8). Interestingly, 31% of gld-1(op236); 

rack-1(tm2262) germlines analyzed displayed extended pachytene with reduced 

oogenesis (Figure 6.8 and Table 6.8). This result indicates that the loss of rack-1 

enhances the meiotic progression defect of the partial loss-of-function allele gld-1(op236).  
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Table 6.8 - Loss of rack-1 enhances delayed pachytene exit in gld-1(op236) 
germlines at the permissive temperature 

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI. The germline phenotype was 
scored based upon nuclear morphology as determined by DAPI staining. 
b Wildtype refers to gonad arms where cells progressed from pachytene into diplotene/diakinesis at the loop of 
the gonad arm. 
c Extended pachytene refers to gonad arms where cells did not progress into diplotene/diakinesis at the loop, and 
instead had an extended region of pachytene with late-pachytene staged nuclei past the loop. 
d n refers to total number of gonad arms analyzed. 
e Actual genotype; rack-1(tm2262). 
f Actual genotype; gld-1(op236); rack-1(tm2262). 
 
 
 

Analysis at 20 C Germline Phenotypea 

 
Genotype 

Wildtypeb 
 (%) 

Extended 
Pachytenec (%) 

 
nd 

gld-1(op236) 100 0 60 

rack-1(0)e 100 0 60 

gld-1(op236); rack-1(0)f 69 31 59 
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Figure 6.8 - Loss of rack-1 enhances meiotic progression delay in gld-1(op236) germlines at the permissive 

temperature. Representative images of gld-1(op236), rack-1(tm2262) and gld-1(op236); rack-1(tm2262) young adult 
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gonads. Animals were raised at 20 °C, dissected at one day past the L4 stage and analyzed for delayed transition from 

pachytene to diplotene/diakinesis using -REC-8 and -HIM-3 antibodies. DAPI staining was used to determine nuclear 

morphology. Arrow ( ) represents first visible diplotene nuclei indicating progression through pachytene. * represents the 

loop of the germline. Scale bar = 20 m
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At the restrictive temperature, gld-1(op236) germlines produce little to no oocytes 

as germ cells are unable to progress through pachytene. This germline defect leads to 

gld-1(op236) animals being sterile at the restrictive temperature (25 C) (Schumacher et 

al., 2005). To further characterize enhancement of gld-1(op236) in the absence of rack-

1, I conducted an embryonic viability assay and analyzed the brood size of gld-1(op236); 

rack-1(tm2262) animals at 20 C to see if loss of rack-1 can result in sterility of gld-

1(op236) at the permissive temperature.  

I first examined the number of embryos produced in gld-1(op236) and rack-

1(tm2262) animals and found that both mutants had a reduction in the number of embryos 

produced compared to wildtype (Table 6.9). gld-1(op236) animals produced on average 

139 embryos; a 43% reduction compared to wildtype (avg = 241). rack-1(tm2262), as 

previously mentioned, produced 42 embryos on average, an 82% reduction compared to 

wildtype (Table 6.9). gld-1(op236); rack-1(tm2262) animals produced on average 12 

embryos; a 95% reduction compared to wildtype (Table 6.9).  

Additionally, gld-1(op236) and rack-1(tm2262) had a reduction in the number of 

viable progeny produced compared to wildtype (Table 6.9). gld-1(op236) animals 

produced on average 137 viable progeny; a 43% reduction compared to wildtype (avg = 

239) (Table 6.9). rack-1(tm2262), as previously mentioned, produced on average 19 

viable progeny, a 92% reduction compared to wildtype (Table 6.9). gld-1(op236); rack-

1(tm2262) animals produced on average 2 viable progeny; a 99% reduction compared to 

wildtype (Table 6.9). It is important to note that 6 out of 14 gld-1(op236); rack-1(tm2262) 
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animals analyzed (43%) did not give rise to any viable progeny, with only 1 of the 14 rack-

1(tm2262) animals analyzed (7%) having no progeny. All gld-1(op236) animals produced 

viable progeny (n=13). 

 

 

 

Table 6.9 - Embryonic viability assay of rack-1(0), gld-1(op236) and gld-1(op236); 

rack-1(tm2262) animals at 20 C. 

 
 

a Single animals were put on individual plates and allowed to lay eggs for 24 hours at which point the were moved 
to a new plate. This was repeated until egg laying ceased, approximately 6 days. S.D. = Standard Deviation; Range = 
minimum-maximum values obtained. 
b The average number of progeny hatched was counted 48-72 hours after the parental worm was removed from 
the plate. S.D. = Standard Deviation; Range = minimum-maximum values obtained. 
c Embryonic viability was determined by dividing the average number of progeny hatched by the average number 
of embryos laid for each genotype. 
d n refers to total number of individual animals analyzed for each genotype.  
e Actual genotype; rack-1(tm2262). 
f Actual genotype; gld-1(op236); rack-1(tm2262). 

 

 

 
 

Genotype 

Average number 
of embryos laid 

(S.D.; range)a 

Average number of  
progeny hatched 

(S.D.; range)b 

Embryonic 
viability 

(%)c 

 
 

nd 

Wildtype (N2) 242 (47; 144-299) 239 (47; 140-290) 99 14 

rack-1(0)e 42 (40; 0-113) 19 (16; 0-42) 45 14 

gld-1(op236) 139 (36; 53-193) 137 (37; 51-193) 99 13 

gld-1(op236); rack-1(0)f 12 (5; 1-21) 2 (2; 0-8) 17 14 
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It is possible that the reduction seen in gld-1(op236); rack-1(tm2262) animals, on 

both the number of embryos and viable progeny produced, is simply the additive effect of 

the reduction seen with the two mutant alleles alone. If these alleles were acting 

additively, it is anticipated the double mutant would have produced approximately 23 

embryos and 11 progeny; however, gld-1(op236); rack-1(tm2262) produced only 12 

embryos and 2 progeny. This suggests that these two genes are working synergistically, 

and not additively, and suggests that the loss of rack-1 enhances the phenotypes 

associated with a gld-1 partial loss-of-function allele, gld-1(op236). This is in agreement 

that mislocalized and reduced GLD-1, in rack-1 mutant animals, has reduced, but not 

abolished, GLD-1 activity. 

The reduction in the number of embryos produced by gld-1(op236); rack-

1(tm2262) animals is not surprising due to the meiotic progression failure and reduced 

number of oocytes produced within their germlines; however, the reduction in progeny 

produced when rack-1 is lost in combination with gld-1(op236) was interesting. I 

previously demonstrated that rack-1(tm2262) animals have low embryonic viability, 45% 

(average number of progeny produced divided by the average number of embryos 

produced), which can be attributed to its known role in cytokinesis in the early embryo (Ai 

et al., 2009; Nilsson et al., 2004). gld-1(op236) animals had 99% embryonic viability, 

similar to wildtype animals; however, gld-1(op236); rack-1(tm2262) animals had only 17% 

embryonic viability (Table 6.9). Moreover, the few progeny produced from gld-1(op236); 

rack-1(tm2262) animals appeared to arrest during an early larval stage but this 

observation was not measured in detail. Taken together this data suggests that a genetic 
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interaction between gld-1 and rack-1 may be required within the embryo for proper 

development to occur. Further research will need be conducted to uncover how these 

genes function synergistically during early development.  

6.6 Loss of rack-1 phenocopies a partial reduction in gld-1 in a fbf-1(0) fbf-2(0) 

genetic background 

 The data presented above suggests that GLD-1’s activity is partially reduced in 

rack-1(0) animals. To further test this hypothesis, I compared the phenotypes associated 

with a partial reduction of gld-1 to a loss of rack-1. 

Active GLP-1/Notch signaling promotes proliferation within the distal end of the 

germline, in part, through the repression of GLD-1. This repression is achieved through 

the activation of two nearly identical translational repressors, FBF-1 and FBF-2, referred 

to collectively as FBF (Crittenden et al., 2002; Lamont et al., 2004; Zhang et al., 1997). 

fbf-1 functions to prevent meiotic entry and fbf-2 functions to promote cell division (Wang 

et al., 2020). The combined effect allows for proper regulation of the GSC pool (Wang et 

al., 2020); therefore, in the absence of both fbf-1 and fbf-2 germ cells lose their ability to 

proliferate, and all cells enter meiosis by the L4 stage, resulting in the adult germline being 

completely filled with mature sperm (Glp) (Crittenden et al., 2002). This premature meiotic 

entry was found to be dependent on FBF’s regulation of GLD-1, as a partial reduction of 

gld-1, gld-1(+/q485), was sufficient to rescue the proliferative zone in fbf-1(0) fbf-2(0) 

germlines, and a complete loss of gld-1, gld-1(q485) resulted in proliferating cells 

throughout the germline in fbf-1(0) fbf-2(0) animals (Crittenden et al., 2002).  
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If loss of rack-1 does partially reduce GLD-1 activity, then fbf-1(0) fbf-2(0); rack-

1(0) mutants may phenocopy gld-1(+/q485); fbf-1(0) fbf-2(0), with a suppression of the 

premature meiotic entry phenotype resulting in a rescue of the proliferative zone. At 20 

C all fbf-1(ok91) fbf-2(q704); rack-1(tm2262) germlines analyzed had proliferating cells 

present at the distal end of the germline in contrast to fbf-1(ok91) fbf-1(q704) germlines 

analyzed, which were completely Glp (n=35) as determined by -REC-8, -HIM-3 and 

DAPI staining (Table 6.10 and Figure 6.9). Interestingly, ‘young adult’ (one day past the 

L4 stage) fbf-1(ok91) fbf-2(q704); rack-1(tm2262) germlines analyzed appeared slightly 

delayed, with the proximal end of the germline housing primary spermatocytes and not 

mature sperm as would be expected at this stage (Figure 6.9). As rack-1 mutant animals 

are developmentally delayed compared to wildtype, it is possible that this proliferative 

zone rescue could be a result of delayed germline development (this thesis and (Demarco 

& Lundquist, 2010)). To rule out this possibility, fbf-1(ok91) fbf-2(q704); rack-1(tm2262) 

animals were analyzed as ‘old adults’ (3 days past the L4 stage). All fbf-1(ok91) fbf-

2(q704); rack-1(tm2262) old adult germlines analyzed displayed a rescue of the 

proliferative zone, suggesting that the suppression of premature meiotic entry is not likely 

due to developmental delay in rack-1 mutants (Table 6.10 and Figure 6.9). This data 

demonstrates that in a fbf-1(ok91) fbf-2(q704) mutant background loss of rack-1 

phenocopies a partial reduction of gld-1. This further supports the hypothesis that GLD-

1’s activity is reduced in rack-1 mutants.  
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 The data presented in this chapter supports the hypothesis that loss of rack-1(0) 

results in GLD-1 mislocalization and reduced levels, leading to a decrease, but not 

complete loss, of GLD-1 activity. This reduction in GLD-1 activity is the likely cause of the 

disruption in the proliferation/differentiation balance in the various genetic backgrounds 

analyzed in this thesis.  

 

 

Table 6.10 - Loss of rack-1 rescues the proliferative defects in fbf-1(0) fbf-2(0) 
germlines 

 
 

a Young adult animals were analyzed one day past the L4 stage. 
b Animals were dissected, fixed and stained with -REC-8 and -HIM-3 antibodies. Nuclear morphology was 

determined by DAPI staining. The germline phenotype was scored based upon -REC-8 positive cells present in the 
distal most are of the germline. 
c Proliferative Zone refers to germlines that had proliferating cells (-REC-8 positive) in the distal most end of the 
germline. 
d Germline proliferative defective (Glp); A gonad arm was scored as Glp if only sperm was present in the gonad arm 
when analyzed. 
e n refers to total number of gonad arms analyzed. 
f Actual genotype; fbf-1(ok91) fbf-2(q704) 
g Actual genotype; fbf-1(ok91) fbf-2(q704); rack-1(tm2262) 
h Old adult animals were analyzed 3 days past the L4 stage. 

Young Adultsa  
Genotypeb 

Proliferative 
Zonec (%) 

Glpd 
(%) 

 
ne 

fbf-1(0) fbf-2(0)f 0 100 35 

fbf-1(0) fbf-2(0); rack-1(0)g 100 0 45 

Old Adultsh    

fbf-1(0) fbf-2(0)f 0 100 65 

fbf-1(0) fbf-2(0); rack-1(0)g 100 0 84 
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Figure 6.9 - Loss of rack-1 rescues the proliferation defect in fbf-1(0) fbf-2(0) 

germlines. Representative images of fbf-1(ok91) fbf-2(q704), fbf-1(ok91) fbf-2(q704); 

rack-1(tm2262) gonads. Animals were raised at 20 °C, dissected at one day past the L4 

stage (young adult, top panel), or at 3 days past the L4 stage (old adult, lower panel), and 

analyzed for proliferating cells within the distal end of the germline using -REC-8, -

HIM-3 antibodies. DAPI staining was used to determine nuclear morphology. Scale bar = 

20 m.
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Chapter 7 – Discussion 

Stem cells are unspecified cells that are central to the development and tissue 

homeostasis of multi-cellular organisms, including C. elegans and humans. Stem cells 

possess the ability to self-renew through cellular divisions (proliferation/mitosis), or to 

develop into other more specialized cells (differentiation). Proper development requires a 

balance between stem cell proliferation and differentiation. Understanding how this 

balance is regulated provides information on normal development and tissue 

maintenance, and also provides insight on how cell proliferation becomes dysregulated 

leading to diseases such as cancer. In this thesis I describe the characterization of rack-

1 as a novel factor involved in controlling stem cell fate in the germline of C. elegans.  

Genetic and molecular analyses have uncovered rack-1’s role in promoting differentiation 

through regulating the subcellular localization and levels of a core meiotic protein, GLD-

1. GLD-1’s role in the proliferation/differentiation balance has been well researched 

(Brenner & Schedl, 2016; Doh et al., 2013; Francis et al., 1995; Jones et al., 1996); 

however, this study is the first to demonstrate that GLD-1’s activity is dependent upon its 

subcellular localization. 

7.1 rack-1 is involved in regulating the proliferation/differentiation balance within 

the C. elegans germline 

The balance between stem cell proliferation and differentiation in the germline of 

C. elegans is regulated by GLP-1/Notch signaling, lst-1 sygl-1 PUF hub, and the 

downstream meiotic entry pathways (GLD-1, GLD-2 and SCFPROM-1); however, other  

molecular mechanisms have been uncovered that function alongside of this core genetic 

pathway (Gupta et al., 2015; Kerins et al., 2010; Mohammad et al., 2018; Wang et al., 
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2012). In this thesis I describe the identification of RACK-1 as an additional factor that 

influences the proliferation/differentiation balance within the germline.  

Using glp-1(ar202gf) as a sensitized background, loss of rack-1 was found to 

cause germline over-proliferation (Figure 3.1 and Table 3.1). This over-proliferation 

phenotype was also observed with a weaker gain-of-function allele, glp-1(oz264), 

demonstrating that this is not an allele-specific effect (Figure 3.2 and Table 3.2). glp-1 

gain-of-function mutations disrupt the proliferation/differentiation balance by increasing 

GLP-1/Notch signaling to promote proliferation; however, mutations that affect the entry 

and progression through meiosis can also disrupt the proliferation/differentiation balance. 

Interestingly, loss of rack-1 resulted in an over-proliferation phenotype in mutant animals 

of core meiotic genes, gld-2 (Figure 6.3), gld-3 (Figure 6.3) and nos-3 (Appendix B). Loss 

of rack-1 alone had little impact on stem cell proliferation (Table 3.7 and Table 3.8). Taken 

together these findings are consistent with rack-1 functioning as a modulator of the core 

genetic pathway regulating the balance between proliferation and differentiation, as loss 

of rack-1 in combination with a disruption in these pathway results in an over-proliferation 

phenotype.  

The ability of rack-1(0) to enhance proliferation in the presence of increased GLP-

1/Notch signaling suggested that loss of rack-1 may also rescue a loss of or decrease in 

GLP-1/Notch signaling; however, rack-1(0) was unable to rescue a complete loss of glp-

1 (Table 3.3), or reduced GLP-1/Notch signaling, glp-1(bn18ts) (Table 3.4) A loss of GLP-

1/Notch signaling, glp-1(0), results in a failure of the primordial germ cells to proliferate 
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during germline development in the early larval stages, causing premature meiotic entry 

and the formation of only 4-8 mature sperm  (Kershner et al., 2014; Kimble & White, 

1981). The failure of rack-1(0) to rescue the proliferation defect in these backgrounds 

suggest that loss of rack-1 is not strong enough to overcome a loss of GLP-1/Notch 

signaling. Alternatively, rack-1 may function redundantly with other components in the 

germline, such that loss of one factor alone is not sufficient to have an impact. rack-1(0) 

was able to rescue the proliferation defect in fbf-1(0) fbf-2(0) germlines (Figure 6.10). fbf-

1 and fbf-2 function downstream of glp-1, and lst-1 sygl-1, and are required for primordial 

germ cell proliferation during the L4 stage (Crittenden et al., 2002). Rescue of proliferation 

in this genetic background may indicate that rack-1 functions downstream of GLP-1/Notch 

signaling.  

Analysis of RACK-1’s germline expression, using the C-terminal CRISPR-tagged 

alleles rack-1(ug12) and rack-1(ug17), demonstrated that RACK-1 is expressed 

throughout the germline, consistent it with playing a role in regulating the 

proliferation/differentiation balance. RACK-1 was previously detected in the distal tip cell 

(Demarco & Lundquist, 2010); however, no obvious DTC enrichment was identified using 

rack-1(ug12) or rack-1(ug17). Previous research demonstrated that knocking down rack-

1 expression in the germline by RNAi enhanced glp-1(ar202gf)’s over-proliferation 

phenotype, indicating that rack-1 is required within the germline cells to modulate the 

proliferation/differentiation balance (Wang, 2013). RACK-1’s germline expression did not 

provide any insight into how it functions to modulate the proliferation/differentiation 
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balance as it was uniformly expressed throughout the germline in both mitotic and meiotic 

cells, as well as developing oocytes (Figure 4.5 and 4.6).  

 The over-proliferation/rescue of proliferation phenotypes observed upon loss of 

rack-1 in various genetic backgrounds, combined with RACK-1’s germline expression, 

suggests that wildtype rack-1 could function to directly inhibit GLP-1/Notch signaling 

and/or promote differentiation. Loss of rack-1 did not result in increased GLP-1/Notch 

signaling, as determined using SYGL-1 expression (Figure 3.5 and Figure 3.6), and the 

stem cell pool size (proliferative zone) as read outs of GLP-1/Notch activity (Table 3.8). 

Interestingly, SYGL-1 expression, and the stem cell pool, were reduced in the absence 

of rack-1, opposite to what was expected (See Section 7.4.1). 

Germline over-proliferation upon loss of rack-1 requires sensitized backgrounds to 

be observed; therefore, it is possible that the background utilized to examine SYGL-1 

expression was not “sensitized enough” to observe a change; however, loss of rack-1 did 

not increase the size of the stem cell pool size in glp-1(ar202gf), or glp-1(oz264gf) 

sensitized germlines even though over-proliferation was observed throughout the 

germline. Taken together, this data suggests that rack-1 does not function to directly 

inhibit GLP-1/Notch signaling.  

7.2 rack-1 is required for the proper levels and subcellular localization of the core 

meiotic protein GLD-1 

 RACK-1, and its orthologs, have no known enzymatic activity on their own, and 

instead function as scaffold proteins mediated through their highly conserved WD-repeat 

domains (Reviewed in: (Gandin et al., 2013)). The tertiary structure of WD-repeats have 
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been shown to form -propellor structures that serve to facilitate protein-protein and 

protein-DNA interactions [(Wall et al., 1995) and Reviewed in (C. Xu & Min, 2011)]. 

Mammalian RACK1 is known to be involved in a number of diverse processes including 

protein translation and cell death, and has over 100 proposed interacting proteins (direct 

or in complex) (Gandin et al., 2013). Previous research using Immunoprecipitation-Mass 

Spectrometry (IP-MS) in C. elegans identified a potential interaction between RACK-1 

and GLD-1 (Akay et al., 2013). I found that GLD-1’s subcellular localization was 

dramatically altered in rack-1(0) germlines (Figure 5.1.1). In wildtype germlines GLD-1’s 

expression is relatively uniform throughout the cytoplasm in meiotic germ cells up until 

the loop region (Jones et al., 1996); however, in rack-1(0) germlines GLD-1 formed large 

perinuclear aggregates within the meiotic cells which I refer to as sub-cellular 

mislocalization (Figure 5.1). These aggregates were found to co-localize with P granules 

(Figure 5.4). GLD-1 was recently found to be slightly enriched at P granules in wildtype 

adult germlines (Ellenbecker et al., 2019); however, unlike the aggregation of GLD-1 in 

rack-1(0) which is quite obvious, the enrichment of GLD-1 in P granules in wildtype is 

more subtle.  

The dramatically increased localization of GLD-1 to P granules in the absence of 

rack-1 did not require GLD-1’s ability to interact with mRNA (Figure 5.5). This indicates 

that the subset of GLD-1 that is found associated with P granules in the adult germline 

may depend on protein-protein interactions. One possibility is that RACK-1 directly 

interacts with GLD-1, throughout the cytoplasm, and prevents the majority of GLD-1 from 
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localizing to P-granules. The identification of the protein-protein interaction between GLD-

1 and RACK-1 supports this possibility (Akay et al., 2013). Future co-immunoprecipitation 

experiments, using CRISPR-tagged alleles of rack-1, should be performed to further 

characterize this interaction. Additionally, proximity ligation assays (PLA) can be 

performed to detect interactions between GLD-1 and RACK-1 in situ, which would provide 

subcellular information on where this potential interaction occurs (Day et al., 2020). 

WD-proteins, like RACK-1, are known to facilitate complex formation; therefore, it 

is possible that RACK-1 and GLD-1 do not directly interact, but instead are part of a larger 

protein complex (Gandin et al., 2013). The microRNA Induced Silencing Complex 

(miRISC) is one potential complex containing both RACK-1 and GLD-1. Previous 

research has identified both RACK-1 and GLD-1 interacting with miRISC components, 

specifically ALG-1 and VIG-1 (Akay et al., 2013; Dallaire et al., 2018; Jannot et al., 2011; 

Zhang et al., 2007). Co-IP or IP-MS experiments, pulling down both RACK-1 and GLD-1, 

and comparing the interacting proteins detected, may help determine if RACK-1 and GLD-

1 interact through the miRISC, or another complex. The possibility exists that interaction 

with miRISC may be required for GLD-1’s proper localization. Future experiments 

investigating GLD-1’s localization in the absence of miRISC components, such as ALG-

1 and VIG-1, will help determine if a miRISC interaction plays a role in GLD-1’s 

localization. It is also possible that RACK-1 and GLD-1 do not interact directly, or through 

a shared complex, and instead RACK-1 influences an intermediate protein that functions 

to directly regulate GLD-1’s localization. IP-MS data from GLD-1 in wildtype and rack-1 
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mutant animals may help identify candidates that could function as the intermediate 

protein. 

RACK-1 has been found to interact with proteins involved in other small RNA 

pathways that localize to P granules within the germline (CSR-1, PRG-1 (PIWI) and 

WAGO-1) (Barucci et al., 2020; Batista et al., 2008; Claycomb et al., 2009; Gu et al., 

2009). This suggests that a portion of RACK-1 may localize to P granules; however, no 

obvious aggregation was detected when analyzing RACK-1’s in vivo germline expression 

(Figure 4.5 and Figure 4.6). This does not rule out the possibility of RACK-1 being present 

within P granules, as it may be present at similar levels to its cytoplasmic expression. If 

RACK-1 is present in P granules, this suggests that it may function to prevent or block 

GLD-1’s accumulation within the granules; however, it is possible that RACK-1 interacts 

with a small portion of these P granule localized proteins within the cytoplasm. In-depth 

analysis, such as co-localization experiments or PLAs, with P granule components, such 

as PGL-1, or potential interactors (CSR-1, PRG-1, or WAGO-1) will be necessary to 

determine if RACK-1 is present within P granules. This data will help determine how 

RACK-1 exerts its influence on GLD-1’s localization pattern within the cells of the 

germline.  

rack-1 mutants also have reduced GLD-1 levels throughout the germline as 

determined by western blot and immunofluorescence analyses (Figure 5.6 and 5.7). This 

suggests that the interaction between RACK-1 and GLD-1, or the potential intermediate 

proteins, may help stabilize GLD-1 and/or protect GLD-1 from degradation or that rack-1 
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regulates GLD-1’s expression post-transcriptionally, as is the main form of regulation in 

the germline (Merritt et al., 2008). RACK-1 orthologs in yeast and mammalian systems 

have been well-established as components of the 40s ribosome, where they function to 

promote ribosome assembly. RACK1 recruits PKCII, allowing for the phosphorylation 

and release of eIF6, facilitating the proper assembly of the 80S ribosomal subunit (Ceci 

et al., 2003). In C. elegans, RACK-1 has been shown to inhibit translation by recruiting 

miRISC to active ribosomes (Jannot et al., 2011); therefore, one possibility is that rack-1 

regulates GLD-1’s expression by facilitating miRISC-ribosome interactions. Although 

miRNAs have been demonstrated to regulate gld-1’s expression, a loss of RACK-1, and 

decreased miRISC-ribosome interactions, would be predicted to increase GLD-1 

expression, an opposite result to what is seen in rack-1(0) (Liu et al., 2011; Theil et al., 

2019). To determine how rack-1 regulates GLD-1 levels, quantitative PCR analysis of gld-

1 mRNA in rack-1 mutants should be performed to confirm that the reduction in GLD-1 is 

due to post-transcriptional regulation, where RACK-1 is known to function. Additionally, 

GLD-1 protein levels in rack-1(0) animals can be measured in a background with reduced 

proteasome function. If rack-1 functions to protect GLD-1 from degradation, then GLD-1 

levels should increase in the absence of rack-1 when proteasome function is reduced.  

This data would provide insight into how rack-1 may regulate GLD-1 levels. 

gld-1’s expression is known, in part, to be regulated by the poly-A polymerase 

subunit GLD-2. GLD-2 has been shown to be required to promote translation of gld-1 as 

cells begin to enter meiosis, with GLD-1 levels being reduced throughout the germline of 
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gld-2(0) animals (Hansen, Wilson-Berry, et al., 2004; Suh et al., 2006). Analysis of gld-

2(0); rack-1(0) germlines indicated that rack-1 does not function with gld-2 to regulate 

GLD-1 levels, as GLD-1 was further reduced in gld-2(0); rack-1(0) double mutant 

germlines compared to gld-2(0) germlines alone (Figure 5.8). GLD-1 expression is also 

regulated by the PUF proteins, FBF-1 and FBF-2 (FBF collectively). FBF functions to 

translationally repress gld-1 in the proliferative zone (mitotic cells) (Crittenden et al., 2002; 

Merritt et al., 2008; Suh et al., 2009; Zhang et al., 1997). Interestingly, RACK-1 has been 

detected interacting with both FBF-1 and FBF-2 (Friend et al., 2012; Wang et al., 2016). 

The possibility exists that the potential interaction between FBF and RACK-1 may function 

to reduce or modulate FBF’s ability to repress gld-1 expression; therefore, in the absence 

of rack-1 more FBF is available to repress gld-1, leading to a decrease in overall GLD-1 

levels; however, GLD-1 levels only appear to increase within the distal most region of the 

proliferative zone in fbf-1(0) fbf-2(0) germlines, not as cells transition into meiosis (Suh et 

al., 2009). The levels of GLD-1 throughout the proliferative zone in rack-1(0) germlines is 

relatively wildtype, with reduced GLD-1 levels becoming evident after the transition zone 

and throughout the meiotic region (Figure 5.4). This suggests that RACK-1 may not 

interact with FBF to control gld-1’s expression.  

How GLD-1’s interaction with RACK-1 or a shared complex, like miRISC, controls 

GLD-1’s subcellular localization, and influences GLD-1 levels, remains unclear but will be 

an interesting topic for future research as this implies a novel mechanism by which GLD-

1, a core meiotic protein, is regulated.   
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7.3 rack-1 is required for proper GLD-1 function 

 The data described in this thesis has identified rack-1 as a modulator of stem cell 

proliferation/differentiation. Moreover, my data demonstrates that rack-1 is required for 

proper GLD-1 levels and subcellular localization. Taken together, this data has led to the 

proposed model where RACK-1 functions either directly or indirectly to regulate GLD-1’s 

subcellular localization and levels. In the absence of rack-1, GLD-1 levels are reduced, 

and GLD-1 becomes mislocalized to perinuclear aggregates (P granules). This leads to 

a decrease, but not a complete loss, of GLD-1 activity, resulting in a disruption in the 

proliferation/differentiation balance, visible as over-proliferation in sensitized 

backgrounds (Figure 7.1).
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Figure 7.1 – Proposed model. RACK-1 functions either directly or indirectly (through protein or protein complex X) to 

regulate GLD-1’s activity. This interaction allows for proper localization and levels of GLD-1 resulting in 100% function. 

Proper GLD-1 function allows for a precise balance between GSC proliferation/differentiation resulting in a functional 



 

188 

 

germline. In the absence of rack-1, GLD-1 levels are reduced, and GLD-1 becomes mislocalized. This results in less than 

100% function and disruptions to the proliferation/differentiation balance in sensitized backgrounds.



 

189 

 

A complete loss of gld-1 leads to the formation of proximal tumours as cells are 

unable to progress through meiosis and revert to the mitotic cell cycle (de-differentiation), 

whereas complete loss of rack-1 has little germline ectopic proliferation on its own (Table 

4.2) (Francis et al., 1995). This highlights that loss of rack-1 does not phenocopy a loss 

of gld-1, indicating that the mislocalized GLD-1 retains some function. When GLD-1 is 

absent, as in gld-1(0), the loss of rack-1 had no impact on germline proliferation as gld-

1(0); rack-1(0) animals displayed the gld-1(0) de-differentiation phenotype; however, loss 

of rack-1 in gld-1 heterozygous animals subtly enhanced germline defects (Table 6.2 and 

Table 6.3). This supports the model of rack-1 exerting its influence on the 

proliferation/differentiation balance through regulation of GLD-1.  

 GLD-1 functions downstream of the GLP-1/Notch signaling pathway to promote 

entry into meiosis. GLD-1’s role in the proliferation/differentiation balance has been 

characterized mainly through the use of the gld-1 null allele, gld-1(q485); therefore, little 

has been reported about the effect of a reduction in GLD-1 activity, as opposed to a 

complete loss, on the proliferation/differentiation balance. One reported effect associated 

with a reduction in GLD-1 was characterized in an FBF mutant background. Loss of FBF 

results in germ cells entering meiosis prematurely, and a complete loss of the proliferative 

stem cell pool (Crittenden et al., 2002); however, Crittenden et al. determined that a partial 

reduction in gld-1, through the use of a gld-1 heterozygote (gld-1(+/q485)), suppressed 

the premature meiotic entry defect in fbf mutant germlines (Crittenden et al., 2002). Loss 

of rack-1 was able to rescue the proliferation defect in fbf mutants, phenocopying the 
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rescue observed with a partial reduction of GLD-1 (Table 6.10). This rescue strongly 

supports the model that GLD-1 has reduced activity in rack-1 mutant germlines.  

 gld-1 functions redundantly with the GLD-2 pathway (gld-2 and gld-3) to regulate 

the entry into meiosis decision (Eckmann et al., 2002; Hansen, Hubbard, et al., 2004; 

Kadyk & Kimble, 1998). Loss of gld-1 in combination with a GLD-2 pathway mutant results 

in the majority of germ cells failing to enter meiosis, and the germline containing mostly 

proliferative cells (Eckmann et al., 2004; Hansen, Hubbard, et al., 2004; Kadyk & Kimble, 

1998). This entry into meiosis defect was not observed in animals lacking rack-1 in 

combination with a GLD-2 pathway mutant (Table 3.7). Meiotic entry defects were also 

not observed in glp-1 gain-of-function backgrounds upon loss of rack-1 (Table 3.8). This 

was not surprising, as GLD-1 activity is only partially reduced in rack-1 mutants.  

This data indicates that there may be a certain threshold of GLD-1 activity that is 

required for normal entry into meiosis, and that GLD-1 activity does not fall below that 

threshold in rack-1(0) germlines. gld-1 functions redundantly with multiple other genes to 

regulate entry into meiosis; therefore, it is possible that low levels are sufficient for normal 

meiotic entry. This is supported by gld-2 mutants having significantly reduced GLD-1 

levels without any severe defects in meiotic entry (Suh et al., 2006). Alternatively, it could 

suggest that GLD-1 requires different ‘co-factors’ to translationally repress the subset of 

target genes involved in each process; therefore, the expression of some but not all GLD-

1 targets would be disrupted. Lastly, it is possible that the failure to see changes in meiotic 
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entry, could be a result of a GLD-1-independent function of rack-1, within the proliferative 

zone.  

Although an obvious entry into meiosis defect was not observed in gld-3(0); rack-

1(0) and gld-2(0); rack-1(0) adult germlines, these animals did display proximal over-

proliferation (Table 6.4 and 6.5). To determine if this over-proliferation phenotype could 

be due to a reduction in GLD-1 activity, gld-1(+/-); gld-3(0) animals were analyzed (Table 

6.6). This experiment demonstrated that a reduction in GLD-1 activity alongside of a loss 

of GLD-2 pathway mutants causes proximal over-proliferation similar to that observed in 

animals’ mutant for rack-1 and a GLD-2 pathway gene (Table 6.4).  

How a reduction in GLD-1 activity results in over-proliferation in these genetic 

backgrounds remains unclear. Proximal proliferation can form due to a number of reasons 

including mitotic re-entry, and delayed “initial meiosis” leading to latent niche-dependent 

proliferation (Reviewed by:  (Hubbard & Schedl, 2019)). In gld-1(0) germlines, proximal 

tumour formation occurs due to cells failing to progress through the meiotic cell cycle and 

re-entering the mitotic cell cycle (de-differentiation) (Francis et al., 1995). Both gld-2(0) 

and gld-3(0) have germline defects associated with disruptions in gametogenesis, and/or 

meiotic progression (Eckmann et al., 2002; Kadyk & Kimble, 1998); therefore, it is 

possible that the combination of lowered GLD-1 activity, through loss of rack-1, and loss 

of gld-2 or gld-3 may exacerbate the meiotic progression defects in these backgrounds, 

resulting in mitotic re-entry. To investigate if the proximal tumours form due to this ‘de-

differentiation’ mechanism, future experiments analyzing a reduction in GLD-1 activity 
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[gld-1(+/-) and rack-1(0)] in combination with a loss of gld-2(0) or gld-3(0) should be 

analyzed throughout the L4 stage. Meiotic pachytene nuclei are detectable during the 

early L4 stage, with no differentiated spermatocytes detectable until later in L4 

development (Barton & Kimble, 1990; Francis et al., 1995). The presence of proliferating 

cells in these backgrounds at a late L4/young adult stage, but not during early L4 

development, would suggest that the proximal proliferation forms because the germ cells 

fail to progress through meiosis and re-enter the cell cycle. If proximal proliferation is 

detected prior to the onset of differentiation (early L4 stage), this would indicate that 

another mechanism, such as latent-niche dependent proliferation, is responsible for the 

ectopic proliferation phenotype. 

 Latent niche-dependent proliferation, occurs when the switch from mitosis to 

meiosis (“initial meiosis”) is delayed during germline development (McGovern et al., 

2009). This delayed initial meiosis results in cells competent to respond to GLP-1/Notch 

signaling being located next to somatic cells expressing GLP-1/Notch ligands (McGovern 

et al., 2009). These somatic cells function as a “latent niche” by providing ectopic GLP-

1/Notch activation, promoting proliferation. Both gld-2(0) and gld-3(0) mutant germlines 

display delayed initial meiosis (Eckmann et al., 2004); therefore, it is possible that 

reducing GLD-1 activity, through loss of rack-1, could impact initial entry into meiosis and 

lead to latent niche-dependent proximal tumours; however, this model is inconsistent with 

the observation that the complete loss of gld-1(0) does not disrupt initial meiotic entry on 

its own (Francis et al., 1995). A combined loss of gld-1 and gld-2/gld-3 results in defective 

entry into meiosis; therefore, it is possible that a partial reduction in GLD-1 activity, in the 
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presence of gld-2/gld-3 mutants, could increase the delay in initial meiosis or disrupt early 

entry into meiosis, and result in a latent niche-dependent proximal tumour. Analyzing 

these mutant backgrounds throughout the larval stages, during the initial switch into 

meiosis (L3 stage), similar to the experiment describe above, will provide insight into how 

proximal proliferation develops in gld-2(0); rack-1(0), gld-3(0); rack-1(0) and gld-1(+/-); 

gld-3(0) animals. 

Initial identification and characterization of gld-1 mutants uncovered roles for gld-

1 in the entry into meiosis decision, progression through meiosis and germline sex 

determination (Francis et al., 1995). The discovery of multiple loss-of-function and 

separation-of-function alleles allowed these functions of gld-1 to be identified and 

uncoupled from each other (Francis et al., 1995). It is thought that gld-1 regulates these 

developmental processes through translationally repressing its diverse range of target 

genes (Jan et al., 1999; Lee & Schedl, 2004; Lee & Schedl, 2001; Marin & Evans, 2003; 

Mootz et al., 2004; Xu et al., 2001). The data presented in this thesis suggests that a loss 

of rack-1 disrupts gld-1’s activity, resulting in germline over-proliferation and defective 

progression through meiosis. 

In support of rack-1 impacting gld-1’s function in promoting progression through 

meiosis, loss of rack-1 was able to subtly enhance proximal proliferation in gld-1 

heterozygous animals (Table 6.2). Moreover, gld-1(+/-); rack-1(0) germlines displayed an 

extended pachytene region (Table 6.3). Loss of rack-1 in combination with a gld-1 partial 

loss-of-function allele, (gld-1(op236)), which is defective for meiotic progression at 
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elevated temperatures, resulted in disrupted meiotic progression at the permissive 

temperature with very few detectable oocytes (diakinesis/diplotene staged nuclei). This 

phenotype is similar to the phenotype of gld-1(op236) animals grown at the restrictive 

temperature. Additionally, gld-1(op236);rack-1(0) animals produced very few embryos 

(avg = 12) (Table 6.9), with 43% of gld-1(op236);rack-1(0) animals analyzed being sterile 

(Akay et al., 2013; Schumacher et al., 2005). This data supports the model that loss of 

rack-1 leads to a decrease in GLD-1’s activity and disruption in GSC progression through 

meiosis. 

In addition to gld-1(op236), the gld-1(q93oz50) and gld-1(oz116) separation-of-

function alleles of gld-1 have also been identified as having pachytene progression 

defects.  gld-1(q93oz50) carries a mutation within the KH domain, q93 allele (G248R), 

and may have reduce RNA binding capabilities (Jones et al., 1996; Jones & Schedl, 

1995). gld-1(oz116) possess a 3’ splice acceptor variant for exon 8, with no disruption to 

the KH domain (Jones et al., 1996; Jones & Schedl, 1995). Future experiments can be 

performed to determine if loss of rack-1 enhances pachytene progression defects in 

animals heterozygous for gld-1(q93oz50) and gld-1(oz116), as was demonstrated with 

gld-1(q485/+) animals (Table 6.3).

7.4 Can disrupting GLD-1’s aggregation in P granules rescue its function? 

 In the absence of rack-1, GLD-1 is mislocalized at the sub-cellular level, and GLD-

1 levels appear to be reduced. The model proposed attributes the over-proliferation in 

various sensitized backgrounds to a reduction in GLD-1 activity upon mislocalization 

and/or reduced levels in the absence of rack-1 (Figure 7.1). This suggests that restoring 
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GLD-1 localization or levels would be anticipated to rescue the germline defects 

observed. As mentioned in Section 7.2, rack-1 may function to promote GLD-1 

stabilization and/or protect GLD-1 from degradation. Analyzing GLD-1 levels in rack-1(0) 

mutants alongside a reduction in proteasome function, may result in a rescue of GLD-1 

levels. If GLD-1 levels are increased in rack-1(0) proteasome reduced animals, 

backgrounds that showed over-proliferation in the absence of rack-1, such as glp-1 gain-

of-function mutants or GLD-2 pathway mutants, should be analyzed alongside of reduced 

proteasome activity to see if a rescue in GLD-1 levels is sufficient to rescue GLD-1 

activity.  

GLD-1 is mislocalized to P granules upon loss of rack-1; therefore, experiments 

should also be performed to disrupt P granule formation/stabilization to determine if there 

is a rescue of GLD-1’s wildtype cytoplasmic expression. Knocking down four core P 

granule factors simultaneously (pgl-1, pgl-3, glh-1, and glh-4) disrupts P granule formation 

and  results in cytoplasmic localization of proteins that normally localize in P granules 

(Updike et al., 2014). This quadruple knockdown could be performed in rack-1(0) mutant 

animals to determine if GLD-1 localization can be rescued. This would further validate 

GLD-1’s mislocalization to P granules in rack-1(0). Moreover, if GLD-1 localization can 

be rescued, this experiment could be performed on other mutant backgrounds, such as 

glp-1 gain-of-function mutants or GLD-2 pathway mutants, which displayed over-

proliferation when combined with rack-1(0). These experiments would determine if 

restoring GLD-1 localization is sufficient to rescue the over-proliferation in these 
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backgrounds. This data would support the model that the mislocalization of GLD-1 results 

in decreased activity. 

Loss of P granules results in sterility and loss of germ cell identity as cells begin 

expressing somatic markers (Updike et al., 2014). These phenotypes may mask the 

ability to detect a rescue in GLD-1 function in the various mutant backgrounds; therefore, 

knockdown of individual P granule components may need to be performed to look for 

rescue of GLD-1 localization, while minimizing germline defects. Additionally, various 

proteins that localize to P granules (CGH-1, CAR-1, CEY-1, CEY-3 and CEY-4) have 

been identified to interact with GLD-1 (Akay et al., 2013; Scheckel et al., 2012; Theil et 

al., 2019). RACK-1 may function to prevent the majority of GLD-1 from interacting with 

these proteins. In the absence of rack-1, GLD-1 may be able to interact more freely with 

these proteins, resulting in increased GLD-1 P granule localization. If true, knockdown of 

these GLD-1 interacting proteins may rescue GLD-1’s mislocalization in rack-1 mutants. 

If knockdown of these components restores GLD-1’s cytoplasmic localization, rescue of 

GLD-1 activity should be investigated in mutant backgrounds that displayed over-

proliferation upon loss of rack-1, such as glp-1 gain-of-function mutants and GLD-2 

pathway mutants. 

7.5 GLD-1 as a translational repressor  

 GLD-1 is well characterized as a translational repressor with the identification of 

many target genes, including glp-1 and mex-3 (meiotic entry decision), cep-1 (apoptotic 

pathway), spn-4 (embryogenesis) and puf-5 (oogenesis) (Ariz et al., 2009; Ellenbecker et 

al., 2019; M.-H. Lee & Schedl, 2004; Lublin & Evans, 2007; Marin & Evans, 2003; Merritt 
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et al., 2008; Mootz et al., 2004; Schumacher et al., 2005). How GLD-1 functions to repress 

expression of its target mRNAs remains unclear. Target specific GLD-1 ‘co-factors’ have 

been previously identified (Clifford et al., 2000; Ellenbecker et al., 2019); therefore it is 

possible that RACK-1 may serve as a target specific co-factor or RACK-1 may facilitate 

GLD-1 co-factor interactions.  

GLD-1 has been identified to be a miRISC interacting component in the germline 

(Akay et al., 2013; Dallaire et al., 2018; Zhang et al., 2007). This suggests that GLD-1 

targets, or a subset of its targets, may be translationally silenced via miRNAs (Dallaire et 

al., 2018).  As RACK-1 is a miRISC interacting protein, one possibility is that RACK-1 

facilitates GLD-1’s association with miRISC. Loss of RACK-1 disrupts GLD-1 function 

through reduced association with miRISC, which may be why GLD-1 becomes 

mislocalized (See section 7.5). If RACK-1 exerts control on GLD-1’s activity through 

association with the miRISC, then in the absence of RACK-1, GLD-1 miRISC interactions 

should decrease. Immunoprecipitation of GLD-1 in rack-1(0) and wildtype animals, 

followed by western blot analysis to identify known miRISC interactors (ALG-1, VIG-1, 

GLH-1) could suggest if this is true; however, more information could be obtained from 

comparisons of GLD-1 IP:MS data from rack-1(0) and wildtype animals.  It is possible that 

rack-1’s impact on GLD-1’s function is disrupted through a miRISC-independent 

mechanism, which could be uncovered through further investigation into how rack-1 

controls GLD-1 localization (Section 7.5).  
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As GLD-1 is a translational repressor, the reduction in GLD-1 activity, upon loss of 

rack-1, is anticipated to result in changes in expression of gld-1 target genes. Initial 

analysis of rack-1(0) germlines did not reveal increased expression of three GLD-1 target 

genes, mex-3, spn-4 and puf-5 (Appendix C); however, it is possible that only a subset of 

GLD-1 target genes are mis-expressed in the absence of rack-1. As germline defects 

identified upon loss of rack-1 in combination with mutants of the core genetic regulatory 

pathway (glp-1, gld-2, gld-3, gld-1(+/-)) may be a result of disruptions in meiotic 

progression (de-differentiation, pachytene arrest), GLD-1 targets involved in these 

decisions should be examined. 

gld-1(op236) was identified in a screen looking for negative regulators of the p53 

apoptotic pathway (Schumacher et al., 2005). This study characterized the C. elegans 

p53 ortholog, cep-1, as a GLD-1 target, with both gld-1(op236) and gld-1(0) germlines 

having increased CEP-1 expression (Schumacher et al., 2005); however, only gld-

1(op236) germlines, not gld-1(0), display meiotic progression defects. Schumacher et al., 

suggested that increased apoptosis and meiotic progression defects are not observed in 

gld-1(0) germlines, even though expression of cep-1 is increased, because the germ cells 

do not reach late pachytene when apoptosis is known to occur, and instead re-enter the 

mitotic cell cycle form an early pachytene stage (Schumacher et al., 2005). Interestingly, 

initial analysis of apoptosis in rack-1(0) germlines indicated a reduction in apoptosis 

compared to control germlines (Appendix D). This result is opposite to what was expected 

– that loss of rack-1 would result in increased apoptosis - based on the ability of rack-1(0) 

to enhance gld-1(op236) mutant phenotypes (Table 6.8 and 6.9). rack-1(0) germlines do 
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not have an extended pachytene region, suggesting that apoptosis may not be increased; 

however, rack-1(0) germlines do have reduced oogenesis. This could indicate that there 

are fewer cells progressing into late pachytene and therefore, fewer cells are capable to 

undergo apoptosis or develop into oocytes. Future analysis characterizing apoptosis and 

CEP-1 expression in rack-1 mutants should be performed. It is also possible that gld-1 

activity is not reduced enough in rack-1(0) animals to detect changes in the expression 

of GLD-1 targets; therefore, more sensitized backgrounds, such as gld-1(+/-); rack-1 and 

gld-1(op236); rack-1(0) (at the permissive temperature), may be required to detect 

changes. These genetic analyses will be helpful to further characterize rack-1’s role in 

regulating GLD-1’s ability to promote meiotic progression. 

Changes in CEP-1 expression would account for the failure to progress through 

pachytene but would not account for the proximal over-proliferation detected with GLD-2 

pathway mutants; therefore, other targets are likely disrupted. lin-45 has been identified 

as a GLD-1 target (Lee & Schedl, 2001). Moreover, loss of lin-45, or mpk-1, a downstream 

component of the ERK MAP kinase pathway, cause germ cells to arrest in pachytene in 

gld-1(q485) germlines, preventing the re-entry into the mitotic cell cycle (Lee et al., 2007; 

Lee & Schedl, 2001). If the ectopic proliferation in gld-2(0); rack-1(tm2262) and gld-3(0); 

rack-1(tm2262) are found to be due to de-differentiation, then lin-45 would be another 

candidate GLD-1 target whose expression may be disrupted upon loss of rack-1. 

Additionally, knockdown of lin-45 and mpk-1 can be used to help determine how the 

proximal over-proliferation forms when rack-1 is lost in glp-1(gf), gld-2(0), gld-3(0) 

animals. 
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7.6 rack-1 has additional roles within the C. elegans germline  

 This thesis aimed to characterize rack-1’s role in modulating the 

proliferation/differentiation balance within the germline of C. elegans, with a focus on rack-

1’s control of GLD-1. The ubiquitous expression of RACK-1 throughout the germline, 

combined with RACK-1 and its orthologs having a number of diverse interaction partners 

suggests that rack-1 may have additional functions within the germline, independent of 

gld-1 (Gandin et al., 2013). 

7.6.1 rack-1 may be required within the proliferative zone 

 Analysis of the proliferative zone in rack-1 mutants demonstrated a 45% decrease 

in the number of proliferating cells as compared to wildtype. This decrease was 

unexpected as a loss of rack-1 enhanced ectopic proliferation throughout the germline in 

sensitized backgrounds, specifically with glp-1 gain-of-function mutations (Section 7.1); 

therefore, rack-1 may be required within the proliferative zone to maintain the GSC pool. 

GLP-1/Notch activity was slightly reduced in rack-1(tm2262) germlines compared to 

control as determined by the extent of SYGL-1 expression (11 gcd vs 13 gcd; p=0.001) 

(Figure 3.5 and Figure 3.6). Moreover, the overall level of SYGL-1 expression, as 

determined by measuring the intensity across the proliferative zone, is slightly reduced in 

rack-1(tm2262) compared to control germlines (Figure 3.5 and Figure 3.6). This data 

suggests that rack-1 may be involved to promote GLP-1/Notch signaling within the 

proliferative zone. Further characterization of active GLP-1/Notch signaling, through 

another known direct target lst-1, may help elucidate if rack-1 impacts GLP-1/Notch 

activity.  
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Analysis of SYGL-1 expression and the proliferative zone size were performed in 

rack-1(0) animals. RACK-1 expression in the DTC has been previously reported 

(Demarco & Lundquist, 2010). It is possible that RACK-1 expression in the DTC may be 

required to maintain the GSC pool (PZ size), as was previously shown for ALG-1, a 

miRISC component and RACK-1 interacting protein (Akay et al., 2013; Bukhari et al., 

2012). A mutant strain is available that restricts RNAi to the DTC only (Linden et al., 2017; 

Martynovsky et al., 2012). This strain can be used to analyze GLP-1/Notch activation and 

the proliferative zone size in the presence and absence of RACK-1 expression in the 

DTC. This experiment will demonstrate if rack-1 is required cell-autonomously (within the 

germline) or non-autonomously (within the DTC) to regulate the stem cell pool. 

Furthermore, this data would help characterize the role of miRISC in regulating the stem 

cell pool, as has been previously demonstrated using alg-1 mutants (Bukhari et al., 2012) 

Alternatively, rack-1 may influence the stem cell pool independently of any 

component of the core genetic regulatory pathway (GLP-1/Notch, lst-1 sygl-1, PUF hub, 

meiotic entry pathways). One possibility is that rack-1 functions to regulate the cell cycle 

through promoting cell divisions or inhibiting entry into meiosis, a disruption in either 

would result in a decrease in the stem cell pool. Interestingly, research has demonstrated 

a role for mammalian RACK1 in controlling the cell cycle at various checkpoints including 

G2/M (Mamidipudi et al., 2007; McLeod et al., 2000; Núñez et al., 2010). Analysis of the 

cell cycle in rack-1(0) would determine if rack-1 is required to promote proper cell cycle 

timing (Fox et al., 2011; Fox & Schedl, 2015; Kocsisova et al., 2019). Alternatively, rack-

1 may be required to prevent meiotic entry, such that in the absence of rack-1 the rate of 
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meiotic entry may be increased resulting in a decrease in the stem cell pool, as was 

previously shown for fbf-1(0) (Wang et al., 2020). These experiments could uncover a 

conserved role for rack-1 in regulating the mitotic cell cycle. 

Analysis of gld-2 gld-1; rack-1 germlines supports the possibility of rack-1 

functioning to regulate meiotic entry. GLD-1 and GLD-2 function redundantly to promote 

entry into meiosis, with gld-2 gld-1 germlines having little to no entry into meiosis 

(Eckmann et al., 2004; Hansen et al., 2004; Kadyk & Kimble, 1998). Small patches (less 

than 10 gcd in length) of meiotic cells are detectable in gld-2 gld-1 germlines at 20 C; 

however, the majority of cells are mitotic as determined by -REC-8 and -HIM-3 staining 

(Figure A.1). Although gld-2(0) gld-1(0); rack-1(0) germlines display over-proliferation, 

particularly in the proximal germline, large clear stretches of meiotic entry, more than what 

is observed in gld-2(0) gld-1(0) double mutants (10 gcd in length), was observed following 

the proliferative zone (Figure A.1 and Table A.1). How rack-1(0) increases the amount of 

meiotic entry in gld-2(0) gld-1(0) mutants remains unclear; however, identification of a 

role for rack-1 in regulating the cell cycle may help explain this increase in meiotic entry 

in the gld-2(0) gld-1(0); rack-1(0) triple mutant as compared to the gld-2(0) gld-1(0) double 

mutant. 

7.6.2 rack-1 may be required in the sex determination pathway 
 Analysis of loss of rack-1 in various mutant backgrounds suggested that rack-1 

may play a role in germline sex determination. In the hermaphrodite germline, both 

spermatogenesis and oogenesis occur. Several players have been identified as being 

involved in regulating sex determination that also are involved in regulating the balance 
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between proliferation and differentiation, including gld-1 and nos-3. In addition to 

promoting meiotic entry and progression, gld-1 is required to promote the male germ cell 

fate in hermaphrodite germlines, with gld-1(q485) germlines having little to no detectable 

sperm (Francis et al., 1995; Jones et al., 1996; Jones & Schedl, 1995). Interestingly, gld-

1(q485); rack-1(tm2262) and gld-1(q361); rack-1(tm2262) animals displayed increased 

spermatogenesis compared to gld-1(q485) or gld-1(q361) alone (Table B.1). This 

suggests that rack-1 may function to inhibit spermatogenesis and/or promote oogenesis 

independently of its regulation of GLD-1. The potential involvement in the sex 

determination pathway may help explain the reduction in oocytes observed in rack-1(0) 

germlines (Figure 4.2).   

 nos-3 has been shown to be involved in promoting the female fate through 

regulating the spermatogenesis to oogenesis switch; however, loss of nos-3 alone is 

relatively wildtype with a low penetrance of germline masculinization (Mog) (Figure B.1 

and Table B.2) (This thesis and Kraemer et al., 1999). All nos-3(0); rack-1(0) animals 

analyzed at 20 °C and 25 °C had no detectable oocytes, and appeared to be Mog, 

although exact sperm numbers were not analyzed (Figure B.1 and Table B.2). This is in 

agreement with the possibility of rack-1 playing a role in the hermaphrodite sex 

determination pathway. Genetic analysis with genes involved in the sex determination 

pathway should be performed to solidify rack-1’s role in germline sex determination and 

determine where in the pathway rack-1 might function.   
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Chapter 8 - Conclusion 

 GLD-1 is a translational repressor that is involved in many processes in the 

germline including entry into meiosis, progression through meiosis and germline sex 

determination (Francis et al., 1995; Jones et al., 1996; Jones & Schedl, 1995; 

Schumacher et al., 2001). Specifically, complete loss of gld-1 results in meiotic cells de-

differentiating, resulting in proximal over-proliferation (Francis et al., 1995). Some partial 

loss-of-function alleles of gld-1 cause delayed progression through the meiotic pachytene 

stage (Francis et al., 1995; Schumacher et al., 2001). Loss of gld-1, in combination with 

loss of GLD-2 pathway function or SCFPROM-1
 pathway function, results in an over-

proliferative germline as GSC entry into meiosis is disrupted (Eckmann et al., 2004; 

Hansen, Hubbard, et al., 2004; Kadyk & Kimble, 1998; Mohammad et al., 2018). 

Additionally, a partial reduction of gld-1 (gld-1(+/-) in combination with loss of GLD-2 

pathway function (gld-3(0)) results in proximal over-proliferation (this thesis).  

The genetic analyses described in this thesis support the model that rack-1 is 

required, either directly or indirectly, to regulate GLD-1’s subcellular localization and/or 

levels. In the absence of rack-1, GLD-1 is mislocalized at the sub-cellular level, and GLD-

1 levels are reduced. This leads to a reduction of GLD-1 function, resulting in phenotypes 

associated with a disruption in GLD-1 function. Specifically, loss of rack-1 resulted in 

germline over-proliferation in combination with glp-1 gain-of-function mutants (glp-

1(ar202gf), glp-1(oz264gf)) and GLD-2 pathway mutants (gld-2(q497), gld-3(q730)). Loss 

of rack-1 rescued the proliferation defects of fbf-1(ok91) fbf-2(q704), similar to the rescue 

observed when GLD-1 function is partially reduced (Crittenden et al., 2002). Finally, loss 
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of rack-1 enhanced the defective progression through meiosis phenotype associated with 

reduced GLD-1 activity (gld-1(q485/+) and gld-1(op236)). 

GLD-1’s expression is spatially regulated within the germline to ensure proper 

GLD-1 function  (Brenner & Schedl, 2016; Hansen, Wilson-Berry, et al., 2004; Haupt et 

al., 2020; Kisielnicka et al., 2018; Shin et al., 2017; Suh et al., 2006). rack-1’s regulation 

of GLD-1’s subcellular localization identifies a novel mechanism that functions to control 

GLD-1’s activity. This highlights that multiple layers, transcriptional control, protein 

degradation and protein localization, are required to ensure proper GLD-1 activity and 

therefore proper germline function (maintenance of GSC pool and development of 

gametes). How exactly GLD-1’s mislocalization disrupts, but does not abolish, GLD-1’s 

activity remains unclear but will be important to investigate further as it may uncover how 

GLD-1 functions as a translational repressor.  

A small fraction of GLD-1 is found in P granules in wildtype adult germlines and 

has been shown to interact with multiple P granule associated proteins (Akay et al., 2013; 

Ellenbecker et al., 2019; Scheckel et al., 2012; Theil et al., 2019). These interactions may 

be required for GLD-1 to locate and bind its target mRNAs. P granules are estimated to 

be associated with ~75% of all nuclear pores; therefore, it is thought that most, if not all, 

mRNAs transit through P granules (Pitt et al., 2000). If GLD-1 in P granules is still fully 

active, then aggregation of GLD-1 at P granules in rack-1 mutant germlines should not 

have resulted in reduced gld-1 activity. The data in this thesis implies a requirement for 
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diffuse expression of GLD-1 (cytoplasmic and P granules) within GSCs for optimal 

function.  

RACK-1 orthologs are required to stabilize interacting proteins in ‘active’ or 

‘inactive’ states, as is the case for PKCII (Ron et al., 1994, 1999; Stebbins & Mochly-

Rosen, 2001); therefore, it is possible that RACK-1 is required to maintain GLD-1 in an 

active state. Sam68, the mammalian ortholog of GLD-1, is known to be post-

translationally modified including through methylation, phosphorylation, SUMOylation and 

acetylation (Frisone et al., 2015). These modifications function to regulate Sam68 function 

(Frisone et al., 2015). GLD-1 is known to be phosphorylated in C. elegans, with western 

blot analysis of GLD-1 showing a faint upshifted band (phosphorylated GLD-1); however, 

this phosphorylation results in the destabilization of GLD-1 (Jeong et al., 2011). Currently, 

no other post-translational modifications of GLD-1 have been identified; therefore, it is 

more likely for RACK-1 to be required to promote GLD-1 activity through regulating 

protein-protein interactions. Although GLD-1 was identified and characterized over 25 

years ago, many aspects of its function as a translational repressor remain unclear, 

including where within the cell GLD-1 functions, what co-factors are required for GLD-1 

translational repression, and by what mechanisms GLD-1 represses its targets (miRNA 

pathway, stabilization, translation initiation/elongation). The identification of target specific 

co-factors and the stabilization of some, but not all, target mRNAs implies that GLD-1 

may regulate its targets through diverse mechanisms (Clifford et al., 2000; Ellenbecker et 

al., 2019; M.-H. Lee & Schedl, 2004). 
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RACK-1’s requirement for proper GLD-1 activity and localization is consistent with 

known functions of RACK-1 orthologs in other systems (Ron et al., 1994, 1999; Stebbins 

& Mochly-Rosen, 2001); however, how exactly RACK-1 regulates GLD-1’s localization 

and activity (indirectly/directly) remains unclear. In addition to regulating GLD-1, the data 

presented in this thesis suggests that rack-1 may be involved in other processes within 

the germline, including maintenance of the GSC pool and germline sex determination. 

Interestingly, the requirement of rack-1 in maintaining the GSC pool may be conserved 

as loss of RACK1 in Drosophila results in a decrease or loss of the GSC pool (Kadrmas 

et al., 2007). The identification of additional RACK-1 interacting proteins in C. elegans will 

help elucidate its function within the germline.  

The identification of RACK-1 as a modulator of the proliferation/differentiation 

balance adds to the growing list of factors, including those involved in mRNA splicing and 

protein degradation, that function alongside the core genetic pathway to regulate this 

balance (Hubbard & Schedl, 2019). It is interesting to note that many of the factors 

identified appear to be involved in the GLD-1 pathway, including various splicing factors 

(prp-17, teg-4, and teg-1), as well as other modulators including CK2/kin-10 and dlc-1 

(Belfiore et al., 2004; Ellenbecker et al., 2019; Kerins et al., 2010; Mantina et al., 2009; 

Wang et al., 2012; Wang, 2013; Wang et al., 2014). Identification of these factors 

demonstrates that multiple mechanisms are required to ensure proper regulation of GSC 

proliferation and differentiation. This redundancy creates an optimum balance between 

the maintenance of GSCs and production of gametes, thereby ensuring the 

fitness/reproductive success of the animal. Furthermore, research using model 
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organisms, such as C. elegans, has allowed the regulation of stem cells to be studied in 

vivo. Specifically, it has allowed for the identification and characterization of genetic, 

physiological, and environmental factors that function to regulate GSC development and 

maintenance within an organism over its lifespan, contributing to the overall 

understanding of stem cell behaviour.  
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Appendix A - rack-1 may function in the sex determination pathway 

 The GLD-1 and GLD-2 pathways function redundantly to promote entry into 

meiosis (Eckmann et al., 2004; Hansen et al., 2004; Kadyk & Kimble, 1998). When both 

pathways are mutated the majority of germ cells fail to enter into meiosis, resulting in 

proliferating cells throughout the germline (Eckmann et al., 2004; Hansen, Hubbard, et 

al., 2004; Kadyk & Kimble, 1998); however, the presence of some meiotic cells suggested 

that other mechanisms/pathways function redundantly to the GLD pathways to promote 

meiotic entry (Hansen et al., 2004). A third pathway, SCFPROM-1, was identified that further 

reduced the meiotic entry in gld-2(0) gld-1(0) germlines but did not completely abolish it, 

with low levels of meiotic cells still detectable in gld-2(0) gld-1(0) prom-1(0) germlines 

(Mohammad et al., 2018). This result highlighted that there must be additional 

mechanisms that regulate entry into meiosis along with the three identified pathways. To 

test the model that rack-1 exerts its influence on the germline proliferation/differentiation 

balance through regulating GLD-1’s activity I analyzed gld-2(q497) gld-1(q485);rack-

1(tm2262). If rack-1 functions solely by regulating GLD-1’s activity, there should be no 

change in the germline phenotype of gld-2(q497) gld-1(q485) compared to gld-2(q497) 

gld-1(q485); rack-1(tm2262) germlines. Interestingly, all gld-2(q497) gld-1(q485); rack-

1(tm2262) germlines had clear stretches of meiotic entry (> 10 gcd in length) immediately 

following the proliferative zone (Figure A.1 and Table A.1). The germlines displayed over-

proliferation; however, it was restricted to the more proximal portion of the germline 

(Figure A.1); whereas gld-2(q497) gld-1(q485) germlines displayed small patches (< 10 

gcd in length) of meiotic cells randomly interspersed with proliferating cells throughout the 
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germline (Figure A.1 and Table A.1). This result demonstrated gld-2(q497) gld-1(q485); 

rack-1(tm2262) germlines display increased meiotic entry compared to gld-2(q497) gld-

1(q485) alone. This result is opposite to what was expected – that a loss of rack-1 would 

have no impact on meiotic entry in gld-2(q497) gld-1(q485). This suggests that loss of 

rack-1 partially suppresses the entry into meiosis defect. This is reminiscent of the 

reduction in the proliferative zone observed upon loss of rack-1 in combination with GLD-

1 or GLD-2 pathway mutants (Table 3.7). As this reduction in the size of the proliferative 

zone, or partial suppression of the meiotic entry defect, was seen in the presence and 

absence of gld-1 it suggests that rack-1 may play an additional role in the 

proliferation/differentiation balance that is gld-1-independent. rack-1 could normally 

function to inhibit meiotic entry within the stem cell pool or could be required for proper 

cell cycle regulation or cell division. 

 If rack-1 is required in the third redundant meiotic entry pathway, SCFPROM-1,  a 

loss of rack-1 in a gld-2(q497) gld-1(q485) background should result in a decrease in the 

number of meiotic cells present within the germline, resembling the loss of SCFPROM-1 

pathway components in this background (Mohammad et al., 2018). The increase in 

meiotic entry in gld-2(q497) gld-1(q485); rack-1(tm2262) is opposite to what is expected 

if rack-1 functions to positively regulate the SCFPROM-1 pathway. To further verify that rack-

1 does not function in the SCFPROM-1 pathway additional analysis should be performed 

with loss of rack-1 in combination with SCFPROM-1 pathway components.    
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Figure A.1 – Loss of rack-1 rescues the meiotic entry defect in gld-2(0) gld-1(0) 

germlines. Representative images of gld-2(q497) gld-1(q485), gld-2(q497)gld-1(q485); 

rack-1(tm2262) young adult gonads. Animals were raised at 20 C, dissected at one day 

past the L4 stage, and analyzed for meiotic entry using -REC8 (proliferation marker) and 

-HIM-3 (meiotic marker) antibodies. Nuclear morphology was detected using DAPI. 

Scale bar = 20 M
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Table A.1 - rack-1(0) rescues meiotic entry in gld-2(0) gld-1(0) germlines 

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with DAPI, and -REC-8 and -HIM-3 
antibodies. The meiotic entry was scored based upon the presence of HIM-3 positive cells outside within the 
germline. 
b > 10 gcd refers to germlines where the patches of meiotic cells were larger than 10 germ cell diameters in length 
(i.e., large stretch of meiotic entry). 
c < 10 gcd refers to germlines where the patches of meiotic cells were smaller than 10 germ cell diameters in 
length (i.e., small amount of meiotic entry). 
d n refers to total number of gonad arms analyzed. 
e Actual genotype; gld-2(q497) gld-1(q485). 
f Actual genotype; gld-2(q497) gld-1(q485); rack-1(tm2262). 

Analysis at 20 C Meiotic Entrya 

Genotype > 10 gcd (%)b < 10 gcd (%)c nd 

gld-2(0) gld-1(0)e 0 100 127 

gld-2(0) gld-1(0); rack-1(0)f 100 0 132 
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Appendix B - rack-1 may function in the sex determination pathway 

 Gamete production (meiotic progression) in the C. elegans hermaphrodite begins 

with the development of sperm during the L4 stage (Hirsh et al., 1976). At the L4 to adult 

molt there is a switch from spermatogenesis to oogenesis, with oocytes being continually 

produced throughout the adult’s lifespan (Hirsh et al., 1976). This switch is controlled by 

a complex regulatory network that functions to ensure proper ratios of spermatogenesis 

and oogenesis promoting genes (Reviewed in: (Ellis & Schedl, 2007)). Disruptions to this 

regulatory network can result in masculinization of the germline, continuous production of 

sperm throughout a hermaphrodite’s life, as the switch to oogenesis does not occur (Ellis 

& Schedl, 2007). Alternatively, disruptions can result in feminization of the germline where 

all germ cells differentiate into oocytes, and the hermaphrodite is no longer self-fertile as 

no sperm is produced (Ellis & Schedl, 2007).  

 Many of the genes that function in the proliferation/differentiation balance in the 

germline also play a role in germline sex determination, such as gld-1 and nos-3. GLD-1 

has been shown to translationally repress tra-2 which is responsible for promoting 

oogenesis (Crittenden et al., 2002; Francis et al., 1995; Hargitai et al., 2009; Jan et al., 

1999); therefore, in the absence of gld-1 little to no sperm is produced (Francis et al., 

1995; Jones et al., 1996). Loss of rack-1 in gld-1(q485) hermaphrodite germlines rescued 

the spermatogenesis defect with 97% of animals having sperm detectable using an 

antibody against the major sperm protein (-MSP) (Table B.1). 70% of gld-1(q485) 

animals had detectable sperm, which was surprising since gld-1(q485) was originally 

characterized as having no sperm (Francis et al., 1995) (Table B.1). To ensure this 
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observation was not caused by an unknown accumulated background mutation two other 

independent strains were used to isolate and analyze gld-1(q485) for the presence of 

sperm. Sperm was detectable in 69% an 81% of germlines analyzed (Table B.1) 

 To confirm the ability of loss of rack-1 to rescue the spermatogenic defect in gld-1 

mutants I analyzed gld-1(q361); rack-1(tm2262) germlines for the presence of sperm. 

100% of gld-1(q361); rack-1(tm2262) animals had detectable sperm compared to 16% of 

gld-1(q361) alone (Table B.1). Taken together this suggested that rack-1 may function to 

repress spermatogenesis, or maybe required to promote oogenesis.  
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Table B.1 – Loss of rack-1 rescues spermatogenesis in gld-1 mutant germlines 

 

 
 

a Animals were dissected one day past the L4 stage, fixed and stained with -MSP antibodies and DAPI. 
b n refers to total number of gonad arms analyzed. 
c Yes refers to the percent of germlines that had sperm detectable detected by -MSP antibodies. 
d No refers to the percent of germlines that did not have any sperm detectable (no -MSP staining). 
e gld-1(q485) was isolated from XB478 strain. 
f gld-1(q485) was isolated from BS3680. 
g gld-1(q485) was isolated from XB152. 
 

 

 

 

 

 

 

 

 

Analysis at 20 C                Germline Phenotypea 

 
Genotype 

Sperm  
nb Yes (%)c No (%)d 

gld-1(q485)e 67 33 156 

gld-1(q485)f 69 31 90 

gld-1(q485)g 81 19 96 

gld-1(q485); rack-1(tm2262) 97 3 93 

gld-1(q361) 16 84 82 

gld-1(q361); rack-1(tm2262) 100 0 63 
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nos-3 is also involved in the germline sex determination pathway; however, nos-3 

functions to inhibit spermatogenesis, and promote oogenesis, through the suppression of 

fem-3  (Kraemer et al., 1999). C. elegans has three nanos orthologs that are thought to 

function redundantly to repress fem-3 (Kraemer et al., 1999). Germlines from nos-3 

mutant animals are wildtype with a very low penetrance  of Mog (~0.2% - masculinization 

of the germline); however, when nos-3 is lost in combination with nos-1 or nos-2 mutants 

the penetrance of Mog increases (12% and 24% respectively) (Kraemer et al., 1999). 

nos-3(oz231) allele carries a 139 base pair deletion resulting in a frameshift and 

premature stop codon, with no protein product being detectable and is considered a null 

allele (Hansen, Wilson-Berry, et al., 2004). At 20 °C nos-3(oz231) germlines were 

completely wildtype, with no Mog detected, whereas 100% of nos-3(oz231); rack-

1(tm2262) germlines appeared Mog with only spermatogenic nuclei present (no 

detectable oocytes) (Figure B.1 and Table B.2). At 25 °C nos-3(oz231); rack-1(tm2262) 

germlines were still Mog; however, 74% of germlines displayed proximal proliferation 

(Figure B.1 and Table B.2). At 25 °C the majority of nos-3(oz231) germlines analyzed 

were wildtype This data highlights that rack-1 is likely involved in both the germline sex 

determination pathway and the proliferation/differentiation balance.  
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Figure B.1 – Loss of rack-1 masculinizes nos-3(oz231) germlines. Representative 

DAPI images of nos-3(o231) and nos-3(oz231); rack-1(tm2262) germlines. Animals were 

raised at 20 °C and 25 C, dissected at one day past the L4 stage and analyzed for 

germline defects using -REC-8, -HIM-3 antibodies and DAPI staining (nuclear 

morphology). Scale bar = 20 m. 
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Table B.2 – Loss of rack-1 masculinizes the germlines of nos-3(0) animals 

 
 

a Animals were either dissected one day past the L4 stage, fixed and stained with DAPI and -REC-8 and -HIM-3 
antibodies. 
b Wildtype refers to gonad arms with no proliferative cells outside of the proliferative zone and visible sperm and 
oocytes present. 
c Masculinization of the germline (Mog) refers to gonad arms where only spermatogenesis occurs, with primary 
spermatocytes and sperm continuously being over-produced. 
d Mog + Pro (Protumour) refers to gonad arms that have only spermatogenesis occurring (over-production of 
sperm, no oocytes present), with a pool of proliferative cells (REC-8 positive) at the most proximal end of the 
germline.  
e Defective oogenesis refers to gonad arms that lack the presence of developing oocytes, or have extremely 
reduced numbers of oocytes, with developing spermatocytes and sperm present at the proximal end of the 
germline. 
f Other refers to animals where no germline arm was detectable by whole-mount DAPI, or it was severely 
underdeveloped (very few cells). 
g n refers to total number of gonad arms analyzed. 
h This number contains the 1% of rack-1(tm2262) germlines that displayed a Pro phenotype (See Table 4.2.1) 
i This number contains nos-3(oz231) gonads that appeared to have reduced oogenesis (not fully measured) with no 
embryos detectable. 

 

 

  Germline Phenotypea  

 
 

Genotype 

 
Wildtype 

(%)b 

 
Mog 
(%)c 

 
Mog + Pro 

(%)d 

Defective 
oogenesis 

(%)e 

 
Other 
(%)f 

 
 

ng 

Analysis at 20 C      

rack-1(tm2262) 96 0 0 2 3h 442 

nos-3(oz231) 100 0 0 0 0 150 

nos-3(oz331); rack-1(tm2262) 0 100 0 0 0 138 

Analysis at 25 C       

rack-1(tm2262) 85 0 0 9 6 334 

nos-3(oz231) 86 0 0 0 14i 102 

nos-3(oz331); rack-1(tm2262) 0 26 74 0 0 88 
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Appendix C - Loss of rack-1 does not disrupt the expression of known GLD-1 

targets 

GLD-1 has many functions within the germline, including roles in entry into meiosis 

decision, apoptosis pathway, and the sex determination pathway. It contributes to these 

diverse mechanisms through its activity as a translational repressor (Jan et al., 1999; M.-

H. Lee & Schedl, 2004; M. H. Lee & Schedl, 2001; Marin & Evans, 2003; Mootz et al., 

2004; L. Xu et al., 2001). Many GLD-1 mRNA targets have been identified, including glp-

1 and mex-3 (mitosis-meiosis decision), cep-1 (apoptotic pathway), spn-4 

(embryogenesis) and puf-5 (oogenesis) (Ariz et al., 2009; Ellenbecker et al., 2019; M.-H. 

Lee & Schedl, 2004; Lublin & Evans, 2007; Marin & Evans, 2003; Merritt et al., 2008; 

Mootz et al., 2004; Schumacher et al., 2005). To test the possibility that GLD-1’s activity 

as a translational repressor is disrupted in rack-1 mutants, I analyzed the expression of 

three known GLD-1 targets, MEX-3, SPN-4, and PUF-5 in rack-1(tm2262) germlines 

using fluorescently tagged alleles, mex-3(tn1753[gfp::3xflag::mex-3]), spn-4(tn1699[spn-

4::gfp::3xflag]), and puf-5(tn1728[gfp::3xflag::puf-5]), generated by Dr. David 

Greenstein’s lab (Tsukamoto et al., 2017).  

If GLD-1’s activity as a translational repressor is reduced in rack-1(0) animals then 

the protein levels of GLD-1 targets (mex-3, spn-4, puf-4) are expected to increase in 

meiotic cells/areas of the germline where GLD-1 is normally active; therefore, I 

hypothesized that I would see increased levels of GLD-1 targets in rack-1(tm2262) 

germlines. 
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At 20 C MEX-3 was expressed at similar levels in mex-3(tn1753); rack-1(tm2262) 

and control (mex-3(tn1753) alone) germlines, with no increase in MEX-3 expression in 

the meiotic region of the germline where GLD-1 is active (to the right of the black line) 

(Figure C.1). Interestingly, at 25 C, MEX-3’s expression was reduced in both the 

proliferative zone and meiotic region in mex-3(tn1753); rack-1(tm2262) germlines 

compared to control germlines (mex-3(tn1753) alone) (Figure C.1). 

At 20 C SPN-4 expression was slightly decreased in spn-4(tn1699); rack-

1(tm2262) germlines compared to control germlines (spn-4(tn1699) alone), in both the 

proliferative zone and distal meiotic region (to the right of the black line) (Figure C.1). This 

slight decreased in SPN-4 expression was also seen at 25 C (Figure C.1).  

At 20 C PUF-5 expression was slightly higher in developing oocytes of puf-

5(tn1728); rack-1(tm2262) compared to control germlines (puf-5(tn1728) alone); 

however, in the meiotic region (to the right of the black line), where GLD-1 is active, there 

was no difference in PUF-5 expression (Figure C.1). Interestingly, at 25 C PUF-5 

expression was reduced in both the developing oocytes and proximal meiotic region 

(Figure C.1).  

This data suggests that GLD-1’s repression of these targets is not disrupted upon 

loss of rack-1. This could indicate that loss of rack-1 may only disrupt GLD-1’s ability to 

regulate a subset of its targets. It is possible that different thresholds of GLD-1 activity are 

required to regulate the expression of GLD-1 target genes; therefore, some GLD-1 targets 

may be more sensitive to a change in GLD-1 function than others. Since rack-1 mutants 
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have reduced, but not abolished, GLD-1 function it is possible that the three target genes 

analyzed (mex-3, spn4, puf-5) require low levels of GLD-1 activity for proper expression 

and are therefore unaffected in rack-1 mutants. Additional GLD-1 targets should be 

analyzed to determine which, if any, GLD-1 targets are mis-expressed in rack-1 mutant 

germlines.  
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Figure C.1 – Loss of rack-1 does not increase the expression of known GLD-1 

targets. Graphs depicting the average expression levels of three GLD-1 targets, MEX-

3(A), SPN-4(B), and PUF-5 (C), in rack-1(0) germlines compared to control at 20 C (left, 

i) and 25 C (right, ii). A) MEX-3 expression was determined using endogenous 

expression of GFP::3XFLAG::MEX-3 [mex-3(tn1753)] alone as control or in combination 
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with rack-1(tm2262) [mex-3(tn1753); rack-1(t2262)]. The x-axis is distance in m from 

DTC towards the loop as far as was measurable. The y-axis is the intensity (arbitrary 

units) of endogenous GFP expression, representing MEX-3 levels. The dotted line 

represents approximately where GLD-1 beings to be expressed, with the right-hand side 

representing where GLD-1 is expressed. B) SPN-4 expression was determined using 

endogenous expression of SPN-4::GFP::3xFLAG [spn-4(1699)] alone as control or in 

combination with rack-1(tm2262) [spn-4(1699);rack-1(t2262)]. The x-axis is distance in 

m from DTC towards the loop as far as was measurable. The y-axis is the intensity of 

endogenous GFP expression, representing SPN-4 levels. The dotted line represents 

approximately where GLD-1 beings to be expressed, with the right-hand side 

representing where GLD-1 is expressed. C) PUF-5 expression was determined using 

endogenous expression of GFP::3XFLAG::PUF-5 [puf-5(tn178)] alone as control or in 

combination with rack-1(tm2262) [puf-5(tn178);rack-1(t2262)]. The x-axis is distance in 

m from the last oocyte past the loop as far as was measurable. The loop was used to 

align the intensity measurement between the two strains. The y-axis is the intensity of 

endogenous GFP expression, representing SPN-4 levels. The dotted line represents 

approximately where GLD-1 beings to be expressed, with the right-hand side 

representing where GLD-1 is expressed. 
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Appendix D - Loss of rack-1 decrease CED-1 expression in somatic sheath cells 

Apoptosis occurs within the germline during normal oogenesis in order to reduce 

the number of germ cells that differentiate into mature oocytes (Gumienny et al., 1999). 

The apoptotic cells become cellularized and reduced in size as their cytoplasmic content 

remains in the rachis to be taken up by mature oocytes; therefore, these apoptotic cells 

are thought to function as nurse cells (Gumienny et al., 1999). Increased apoptosis in gld-

1(op236) was identified by analysing CEP-1 and CED-1 expression (Schumacher et al., 

2005). CEP-1/p53 is a pro-apoptotic marker that is expressed within germ cells 

(Schumacher et al., 2001). CED-1 is a phagocytic receptor expressed in somatic sheath 

cells, with CED-1 detectable surrounding the apoptotic corpses in the germline during 

engulfment (Yu et al., 2008; Zhou et al., 2001); therefore CED-1 expression can be used 

to estimate the extent of apoptosis within the germline (Schumacher et al., 2001). CED-

1 expression within the germline of gld-1(op236) animals was expanded compared to 

wildtype controls (Schumacher et al., 2005). Since my model is that GLD-1 activity is 

reduced in rack-1 mutants, I hypothesized that CED-1 expression may be expanded in 

rack-1 mutants, similar to what is observed in animals carrying the gld-1(op236) partial 

loss-of-function allele. This would suggest that rack-1 mutants had increased apoptosis, 

similar to gld-1(op236) animals. I analyzed the extent of CED-1 expression using a CED-

1::GFP transgene (bcIs39). CED-1 expression was decreased in rack-1(tm2262) animals 

compared to control (Figure D.1). This was opposite to what was expected that CED-1 

expression would increase in rack-1 mutant germlines similar to gld-1(op236). This 

preliminary result could suggest that rack-1(0) has defects within sheath cells resulting in 
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a failure to appropriately recognize and engulf apoptotic germ cells, or that rack-

1(tm2262) may not have increased CED-1 expression and/or apoptosis. It is important to 

note that control animals appeared to have a larger CED-1 expression domain than 

anticipated based on previous reports for CED-1 expression (Schumacher et al., 2005); 

however, the difference in CED-1 expression levels between control and rack-1(tm2262) 

germlines was consistent between independent experiments. This analysis should be 

repeated using CEP-1 and CED-1 as read outs of apoptosis alongside in-depth analysis 

such as counting engulfed apoptotic cells per germline and the number of cells expressing 

CEP-1 to obtain reliable data reflecting levels of apoptosis in rack-1 mutant germlines. 

Additionally, acridine orange or SYTO12 dyes that incorporate, and stain apoptotic nuclei 

can also be used to measure apoptosis in rack-1(tm2262) germlines. rack-1(tm2262) 

germlines appear relatively wildtype; therefore, more sensitized backgrounds may be 

required to detect increased apoptosis, such as gld-1(op236) or gld-1(+/q485).  
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Figure D.1 - CED-1 expression is decreased in rack-1(0) germlines. Representative images of CED-1::GFP expression 

in control (bcIs39[lim-7p::ced-1::GFP + lin-15(+)]) and rack-1(tm2262) young adult gonads. Animals were raised at 20 °C 

dissected at one day past the L4 stage and analyzed for endogenous CED-1::GFP expression using the integrated 

transgene bcIs39[lim-7p::ced-1::GFP + lin-15(+)]. DAPI staining was used to determine nuclear morphology. Low exposure 

= 100 ms. High exposure = 500 ms. Scale bar = 20 m.
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Appendix E – List of primers used in this thesis 

Hansen lab 
primer 
name 

Primer name Sequence (5’-3’) 

T21 glp-1(ar202) fwd GAGCCACTTGGAGTATAATG 

T22 glp-1(ar202) rvs CCACATCCAATGAAACTGC 

T23 glp-1(ar202) seq GCTGGGCATCGAAATAACTC 

HD52 
rack-1(ok3676) rack-1(tm2262) 

fwd  
TCACACCGGATGGGTTACCC 

HD54 
rack-1(ok3676) rack-1(tm2262) 

rvs 
TGATGTTATCGGTGTATCCGGCG 

T21 glp-1(oz264) fwd GAGCCACTTGGAGTATAATG 

T22 glp-1(oz264) rvs CCACATCCAATGAAACTGC 

T23 glp-1(oz264) seq GCTGGGCATCGAAATAACTC 

D51 glp-1(q175) fwd TCCTGACTGCAAAACTCCTC 

D52 glp-1(q175) rvs CCTGAAGGACACTCAATCTC 

D53 glp-1(q175) seq CTCGCAATACTTTCCAGCGT 

S13 glp-1(bn18) fwd CAACAGAGGCAATTCGATGC 

S15 glp-1(bn18) rvs CCTTATTAGAGCTTCGTCGG 

S14 glp-1(bn18) seq CTTCGTGAAGGAGCTAATCC 

R58 gld-1(q485) fwd TGCCGTCGTGCACCACTCCAA 

U59 gld-1(q485) rvs GATCAGCCAAGTACTCGACAG 

R27 nos-3(oz231) fwd GGACAGTATAGGGGTCCACAAG 

R28 nos-3(oz231) rvs CCTGCACGTGAGCTAACTGG 
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T52 gld-2(q497) fwd and seq TCTCGTTTTCTTTATTTAGTC 

T53 gld-2(q497) rvs AACAGTTATATCATCAAAAGGTG 

L43 gld-3(q730) fwd CGTCGATGGATCCTTTGGTG 

L69 gld-3(q730) rvs GTCTAGATCCCAACGAAGAC 

hd14 lst-1(ok814) fwd GAGCGGCTTCGATTAATGGG 

HD15 lst-1(ok814) rvs GAATTGTAGTGTGTCGGGCG 

HD16 sygl-1(tm5040) fwd CATTGTGTGACACCGCCAC 

HD17 sygl-1(tm5040) rvs GACTGCGAAAATCAGGCT 

HA35 syg-1(am307) fwd ATCTACCCGCCGATTTTCTAAT 

HA36 syg-1(am307) rvs ATCTCCAAGTGTTGCACATAACC 

HC57 
rack-1(ug12) rack-1(ug17) fwd 

and seq 
CAAGCACTTGTACACCCTTCC 

HC58 rack-1(ug12) rack-1(ug17) rvs GGCTAGTTGAGTAATGCTAGG 

HC79 gld-1(q361) fwd and seq TCGAGTACTTGGCTGATCTGG 

HC80 gld-1(q361) rvs AGGAGTTGGCGACATCAAAAC 

HC69 gld-1(op236) fwd CTGTCGAGTACTTGGCTGATC 

HC70 gld-1(op236) rvs CAAGATCGATCCTCCAAATGTCG 

HC71 gld-1(op236) seq CTTCGTCGGTAGAATTCTCGG 

I66 fbf-(ok91) fwd 
CGTCTTGAATGATTCATGTC 

 

I67 fbf-1(ok91) rvs 
CAATCAAAAATGCGCTATAC 

 



 

230 

 

Appendix F – List of strains used in thesis in order of how they appear in the 

chapters. 

 

Strain name Genotype 

BS3148 glp-1(ar202) III 

LE1837 rack-1(tm2262) IV 

XB730 glp-1(ar202) III; rack-1(tm2262)/nT1g IV 

XB184 glp-1(oz264) III 

XB872 glp-1(oz264) III; rack-1(tm2262)/tmC5 IV 

XB380 glp-1(q175)/hT2g III 

XB883 glp-1(q175)/hT2g III; rack-1(tm2262)/tmC5 IV 

BS121 glp-1(bn18) III 

XB731 glp-1(bn18) III; rack-1(tm2262)/nT1g IV 

JK4774 lst-1(ok814) sygl-1(tm5040)/hT2g I 

XB859 lst-1(ok814) sygl-1(tm5040)/tmC27 I; rack-1(tm2262)/tmC5 IV 

WU1770 sygl-1(am307[3XFLAG::sygl-1) I 

XB767 sygl-1(am307) I; rack-1(tm2262)/nT1g IV 

XB478 gld-1(q485)/hT2g I 

XB750 gld-1(q485)/tmC20 I; rack-1(tm2262)/tmC5 IV 

BS5272 nos-3(oz231) II 

XB879 nos-3(oz231)/mC6g II; rack-1(tm2262)/tmC5 IV 
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XB482 gld-2(q497)/hT2g I 

XB768 gld-2(q497)/tmC20 I; rack-1(tm2262)/tmC5 IV 

XB397 gld-3(q730)/mC6g 

XB860 
gld-3(q730)/mC6g III; rack-1(tm2262)/tmC5 IV 

 

VC3013 rack-1(ok3676) IV 

XB790 rack-1(ug12[rack-1::V5::2xFLAG) IV 

XB805 rack-1(ug17[rack-1::V5::SBP) IV 

LE2290 lqIs126 [rack-1::MYC + osm-6::GFP] 

OD70 ltIs44 [pie-1p::mCherry::PH(PLC1delta1) + unc-119(+)] V 

XB890 rack-1(ug12) IV/tmC5; Itis44 V 

JJ2204 zuIs244[nmy-2::PGL-1::RFP; unc-119(ed3) 

XB733 
zuIs244[nmy-2::PGL-1::RFP; unc-119(ed3); rack-

1(tm2262)/nT1g IV 

XB896 gld-1(q361)/hT2g I 

XB826 gld-1(q361)/tmC20 I; rack-1(tm2262)/tmC5 IV 

XB897 gld-1(q485)/tmC18 I 

XB895 gld-1(q485)/tmC18 I; rack-1(tm2262)/tmC5 IV 

XB487 gld-2(q497) gld-1(q485)/hT2g I 

XB875 gld-1(q485)/tmC18 I; gld-3(q730)/mC6g II 

XB636 gld-2(q497)/hT2g I; glp-1(q175)/hT2g III 

XB884 gld-2(q497)/hT2g I; glp-1(q175)/hT2g III; rack-1(tm2262) IV 



 

232 

 

TG34 gld-1(op236) I 

XB825 gld-1(op236)/tmC20 I; rack-1(tm2262)/tmC5 IV 

BS3548 fbf-1(ok91) fbf-2(q704)/mC6g II 

XB813 fbf-1(ok91) fbf-2(q704)/mC6g II; rack-1(tm2262)/tmC5 IV 

XB876 gld-2(q497) gld-1(q485)/tmC20 I; rack-1(tm2262)/tmC5 IV 

BS3680 gld-1(q485)/ccIs4251 unc-13(e51)  I 

XB152 gld-1(q485)/nc-29(e193) dpy-24(s71) I 

DG4158 spn-4(tn1699[spn-4::gfp::3xflag]) V 

XB802 rack-1(tm2262)/tmC5 IV; spn-4(tn1699[spn-4::gfp::3xflag]) V 

DG4215 puf-5(tn1726[gfp::3xflag::puf-5]) II 

XB801 puf-5(tn1726[gfp::3xflag::puf-5]) II; rack-1(tm2262)/tmC5 IV 

DG4269 mex-3(tn1753[gfp::3xflag::mex-3]) I 

XB800 mex-3(tn1753[gfp::3xflag::mex-3]) I; rack-1(tm2262)/tmC5 IV 
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