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ABSTRACT 

Maternal mRNA regulation is essential to germline and embryo development in 

metazoans. Over the past few decades, it has become clear that many RNA-binding 

proteins (RBPs) containing highly conserved RNA-binding domains orchestrate 

spatiotemporal expression pattern of germline and embryonic genes to control 

gametogenesis and embryogenesis in the nematode Caenorhabditis elegans. These RBPs 

bind regulatory elements situated primarily in the UTRs of their target mRNAs to 

regulate expression by influencing transcript stability or translational efficiency. The 

3´UTR is the main determinant of patterned expression in the germline of C. elegans. 

MEX-3 is a KH-domain RBP that is required for anterior cell fate specification and 

maintenance of germ cell totipotency. MEX-3 is expressed in mitotic germ cells, 

maturing oocytes, and early embryos. MEX-3 is absent in the meiotic pachytene region 

as well as the diplotene loop region. The 3´UTR of mex-3 is sufficient to confer MEX-3’s 

expression to a transgenic reporter. Here, I assessed the importance of the endogenous 

3´UTR of mex-3 to MEX-3’s expression pattern and function using CRISPR/Cas9 

mutagenesis followed by molecular and phenotypic analysis. 3´UTR deletion allelic 

series demonstrated that the endogenous 3´UTR of mex-3 is indeed required for MEX-3’s 

pattern in the germline in vivo. I identified regions of the 3´UTR that contribute to 

repression of MEX-3 in different regions of the germline. Surprisingly, the 3´UTR was 

dispensable for viability. However, several 3´UTR deletions exhibited reduced fertility. 

Analysis of the transcriptome of these mutants revealed that the 3´UTR deletions altered 

expression of soma-specific genes, consistent with MEX-3’s role in repressing somatic 
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gene programs. These data sets also showed that mex-3 mRNA levels do not correlate 

with MEX-3 protein levels.  

In order to determine which germline RBPs regulate expression of mex-3 through 

its 3´UTR, I used RNAi to knock down several candidate RBPs including three that were 

previously shown to regulate expression of MEX-3. My RNAi studies showed that GLD-

1, LIN-41, and OMA-1/2 repress expression of mex-3 through its 3´UTR in the meiotic 

pachytene region, diplotene loop region, and oocytes in the proximal end, respectively. 

Furthermore, I have identified DAZ-1, an RRM-containing RBP, as a novel repressor of 

MEX-3 expression in the distal mitotic germ cells. Using RNAi, I demonstrated that 

poly(A) tail length control and the translation initiation factor IFE-3 contribute to MEX-

3’s expression in the germline. Poly(A) polyadenylation and deadenylation cycles govern 

expression of mex-3 in the distal mitotic germ cells, while IFE-3 contributes to repression 

of mex-3 in the meiotic pachytene region, presumably by control of translation initiation. 

Using high throughput sequencing-based poly(A) tail assay, I have shown that the 

poly(A) tail length distribution of mex-3 mRNA shifts towards shorter tails in the mex-3 

3´UTR deletion mutants with reduced fertility phenotypes. Our study is the first as far as 

we know to address the importance of an endogenous 3´UTR to in vivo expression and 

function in C. elegans germline. It will be interesting to determine how different RBPs 

and cis-regulatory elements orchestrate the spatiotemporal expression pattern of a single 

germline gene. It will also be interesting to assess whether other germline 3´UTRs are 

similarly dispensable for viability, and if so, what role do 3´UTRs play in enhancing 

reproductive success.  
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Maternal mRNA regulation across species  

In sexually reproducing organisms, maternally inherited mRNAs and proteins 

control gametogenesis and embryogenesis (Kang & Han, 2011; Lee & Schedl, 2006; Liu, 

Han, & Lasko, 2009; Mikedis et al., 2020). Not long after the discovery of messenger 

RNA (mRNA) in the early 1960s (Brenner, Jacob, & Meselson, 1961; Gros et al., 1961; 

Jacob & Monod, 1961), several groups reported evidence of protein synthesis occurring 

in the absence of new transcription in fertilized embryos. Paul Gross and colleagues 

showed that protein synthesis occurs in sea urchin eggs even after blocking new mRNA 

synthesis suggesting that these eggs contain pre-existing mRNA sufficient for translation, 

therefore allowing the eggs to progress through early stages of embryonic development 

(Gross & Cousineau, 1963; Gross, Malkin, & Moyer, 1964). Other groups showed that 

unfertilized sea urchin eggs contain mRNA and yet do not undergo protein synthesis 

(Monroy, 1960; Nakano & Monroy, 1958). This state of quiescence was termed 

“masked” by Alexander Spirin referring to stored mRNA and protein (ribonucleoprotein) 

complexes being in a state of repression or inactivity during early development. Spirin 

and colleagues reported the presence of these complexes in fish and sea urchin eggs using 

radiolabeling and sedimentation assays (Aitkhozhin, Belitsina, & Spirin, 1964; Belitsina, 

Aitkhozhin, Gavrilova, & Spirin, 1964; Spirin & Nemer, 1965). Spirin hypothesized that 

mRNAs in the “masked” ribonucleoprotein complexes become “unmasked” or expressed 

following fertilization at a specific stage in development and differentiation. However, 

these complexes are distinct from mRNA-ribosome complexes, demonstrated by their 

low sedimentation rate. These studies and many more paved the road to understanding 
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maternal mRNA-protein complexes and how they function in early development. Later 

work by several groups demonstrated that localization of such maternal mRNAs within 

the unfertilized and fertilized eggs is necessary for cell fate specification. Melton and 

colleagues showed that some maternal mRNAs including Vg1 localize to the vegetal pole 

of Xenopus laevis unfertilized eggs. Vg1 encodes a TGFβ protein that contributes to 

specification of the mesoderm in the embryo (Weeks & Melton, 1987; Weeks, Rebagliati, 

Harvey, & Melton, 1985).  

Post-transcriptional regulation of inherited mRNAs contributes significantly to 

axis determination and cell fate specification (Y. Zhang, Park, Blaser, & Sheets, 2014). 

Post-transcriptional regulation occurs in the untranslated regions (UTRs) of the mRNA 

transcript and can promote transcript stability or transcript degradation, thus leading to 

variations in protein levels and localization. Post-transcriptional regulation of maternal 

mRNAs is a conserved feature of early development in metazoans. During early embryo 

development in the fruit fly Drosophila melanogaster, the RNA-binding proteins Nanos, 

Pumilio, and Brat localize to the posterior where they repress translation of the 

transcription factor hunchback mRNA through 3´UTR-mediated de-adenylation to 

specify the posterior of the embryo. In the anterior, Nanos is present at lower levels 

which allows translation of hunchback (De Keuckelaere, Hulpiau, Saeys, Berx, & van 

Roy, 2018; Weidmann et al., 2016; Wreden, Verrotti, Schisa, Lieberfarb, & Strickland, 

1997). In the frog Xenopus laevis embryos, the evolutionary conserved KH-domain 

RNA-binding protein Bicaudal-C (Bic-C) localizes to the vegetal cells where it represses 

translation of Cripto-1 (xCR1) by binding a 32-bp region in its 3´UTR, thereby limiting 
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xCR1 localization to the animal cells of the embryo (Y. Zhang et al., 2014). The RNA-

binding protein Deleted in Azoospermia-Like (DAZL) in mice regulates translation of 

hundreds of mRNA transcripts through their 3´UTR during oocyte maturation as well as 

spermatogenesis (Mikedis et al., 2020; Yang et al., 2020; Zagore et al., 2018). In the past 

few decades, numerous studies have identified and characterized dozens of germline 

RNA-binding proteins in the free-living nematode Caenorhabditis elegans. Many of 

these proteins contain conserved RNA-binding domains that mediate physical association 

to cis-acting elements situated in the UTRs of their target mRNAs and enable regulation 

of different aspects of germline and embryo development (Lee & Schedl, 2006). 

 

C. elegans Germline Anatomy and Development  

Caenorhabditis elegans is a free-living nematode that exist predominantly as 

hermaphrodites that produce both sperm and oocytes. Hermaphrodites which produce 

sperm and oocytes undergo self-fertilization. They can give rise to males in their progeny 

but at a low frequency (~0.2%) (Hodgkin, 1983; Hodgkin, Horvitz, & Brenner, 1979). 

The oocytes of the hermaphrodites can be fertilized by either the self-sperm or the male 

sperm. The C. elegans genome consists of five pairs of autosomes and two X 

chromosomes in hermaphrodites (XX) or one X chromosome in males (XO) (Hubbard & 

Greenstein, 2005). Fertilized eggs hatch into the first stage larvae (L1) which go through 

four molts before becoming reproductive adults. It takes about three days at 20°C for the 

eggs to hatch and reach adulthood. Hermaphrodites undergo spermatogenesis during the 
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fourth larval stage and switch to oogenesis during adulthood while males continue to 

produce sperm throughout adulthood. Spermatogenesis, oogenesis, and early stages of 

embryogenesis take place in the gonads of the nematode.  

The gonads of adult hermaphrodites consist of two symmetrical U-shaped arms. 

In each arm, a distal tip cell provides a niche for progenitor germ cells to divide by 

mitosis and proliferate (Figure 1.1A). As the mitotic progenitor cells move farther from 

the mitotic niche, they exit mitosis and enter prophase of meiosis I. This region where the 

mitotic nuclei begin to enter meiosis I is termed the transition zone. In the transition zone, 

the nuclei are in the early stages of prophase (leptotene, zygotene) during which 

homologous chromosomes align and the synaptonemal complex starts to form between 

the aligned chromosomes. Simultaneously, the cellular membranes disintegrate, the 

nuclei migrate to the periphery, and a syncytium is formed that includes a tube of shared 

cytoplasm termed the rachis. In the pachytene stage, the synaptonemal complex is fully 

formed and homologous recombination occurs. These nuclei then progress to the 

diplotene stage in the gonadal arm bend and become more condensed (Hillers, Jantsch, 

Martinez-Perez, & Yanowitz, 2017). Some of these partially cellularized nuclei undergo 

apoptosis while others remain intact, fully recellularize and form oocytes (Gumienny, 

Lambie, Hartwieg, Horvitz, & Hengartner, 1999). As the diakinetic oocytes approach the 

proximal end, sperm release the major sperm protein (MSP) which signals oocyte 

maturation (Miller et al., 2001). Nuclear oocyte maturation entails breakdown of the 

nuclear envelope, assembly of the meiotic spindles, and chromosome segregation. These 

oocytes then enter the spermatheca where they are fertilized and complete both meiosis I 
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and II. The fertilized oocytes are delivered to the uterus where the 1-cell embryo 

undergoes multiple rounds of asymmetric cell divisions (Figure 1.1B) (McCarter, 

Bartlett, Dang, & Schedl, 1999). The gonads of the adult males follow a similar 

spatiotemporal organization of germ cell development (L'Hernault, 2006). Their gonads 

consist of a single U-shaped arm, the distal end of which contains spermatocytes, 

mitotically dividing germ cells. The primary spermatocytes are part of the rachis. As the 

primary spermatocytes enter meiosis, they separate from the syncytium and continue to 

develop and divide to form the secondary spermatocytes. The secondary spermatocytes 

go through a second round of meiotic division and develop into spermatids, which later 

become spermatozoa ready to fertilize an oocyte (L'Hernault, 2006).  

The 1-cell embryo undergoes multiple cellular divisions before exiting the animal 

at the 30+ cell-stage (Figure 1.1B). The 1-cell embryo divides and forms the anterior 

blastomere (AB) and the posterior blastomere (P1). These cells continue to divide with 

each cell fated to form a specific tissue of the animal. The P1 cell divides asymmetrically 

three more times to form the P4 cell which then divides into the two primordial germ 

cells Z2 and Z3. The Z2 and Z3 cells will eventually give rise to the germ cells in the 

adult gonad (Sulston, Schierenberg, White, & Thomson, 1983). During early rounds of 

division, key processes such as posterior/anterior axis determination and cell fate 

specification take place (Maduro, 2010). These embryos complete embryonic 

development outside the animal and later hatch at the 600-cell stage (Deppe et al., 1978; 

Sulston et al., 1983).  
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Figure 1.1: C. elegans germline and embryogenesis. A) The gonads consist of two 

symmetrical U-shaped arms. One arm is represented here. The distal tip cell provides the 

niche for germ cells to divide by mitosis in the distal end. As these cells move farther 

away, they enter prophase of meiosis I and form a syncytium. These nuclei fully 

recellularize around the loop region to form oocytes. Oocytes undergo maturation in the 

proximal end of the germline, enter the uterus, and undergo embryonic development. B) 

The 1-cell embryo divides to form the anterior blastomere (AB) and the posterior 

blastomere (P1). The posterior blastomere divides and forms the P2 cell in the 4-cell 

embryos, P3 in the 8-cell embryo, and then the P4 in the 16-cell embryo. The P4 cell will 

eventually give rise to the gonads (Gonczy & Rose, 2005; Pazdernik & Schedl, 2013).  
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Germline RNA binding proteins and 3´UTR mediated maternal mRNA regulation  

Nuclei in the meiotic pachytene stage exhibit the highest levels of active 

transcription in the germline (Starck & Brun, 1977). The nuclei become transcriptionally 

quiescent around the loop region when the chromosomes become more condensed in the 

diplotene and diakinesis stages. These nuclei are only partially cellularized, share the 

same cytoplasm, and yet are able to progress through meiosis and cellularize to form 

oocytes in an efficient spatiotemporal manner. Therefore, there must be mechanisms that 

signal developmental progression through meiosis as well as oocyte formation. 

Additionally, early embryos are also transcriptionally quiescent and do not begin zygotic 

transcription until later in embryogenesis (Robertson & Lin, 2015). The early embryos 

still undergo proper axis determination and cell fate specification. Over the past two 

decades, numerous studies have shown that post-transcriptional regulation of maternal 

mRNAs is essential for maintenance of mitosis, entry to meiosis, nuclei re-cellularization, 

oocyte maturation, oocyte to embryo transition, and axis formation (Lee & Schedl, 2006).  

The majority of the post-transcriptional regulation is mediated by RNA-binding 

proteins (RBPs) that recognize and bind specific regulatory elements in the UTRs of their 

target mRNAs. These RBPs recruit other proteins that affect mRNA stability or 

translational efficiency (Nousch & Eckmann, 2013). Interestingly, the C. elegans genome 

is abundant with genes encoding RBPs. 887 of C. elegans genes are predicted to encode a 

protein containing at least one of 17 RNA binding domains (Tamburino, Ryder, & 

Walhout, 2013). A recent study designed to identify all RBPs that associate with mRNA 

in C. elegans by interactome capture detected 594 RNA-binding proteins. Many of these 



 10 

RBPs contain evolutionary conserved domains. For instance, more than half of C. 

elegans RBPs have homologues in the yeast Saccharomyces cerevisiae (Matia-Gonzalez, 

Laing, & Gerber, 2015). Moreover, these highly conserved RBPs exhibit unique 

spatiotemporal expression patterns in the germline and embryo. Most of these germline 

RBPs also appear in a key germline organelle termed P-granules (Draper, Mello, 

Bowerman, Hardin, & Priess, 1996; Jones, Francis, & Schedl, 1996; Mello et al., 1996; 

Tabara, Hill, Mello, Priess, & Kohara, 1999). P-granules are membrane-less organelles 

composed of protein and RNA (Schisa, Pitt, & Priess, 2001; Strome & Wood, 1982, 

1983). Post-transcriptional regulation of mRNAs and translational control can occur in 

these organelles. Importantly, P-granules contribute significantly to anterior/posterior 

axis determination in the early embryo. P-granules define the posterior end of the 

germline where they contribute to specification of the germline precursor cells (Updike & 

Strome, 2010).  

In the distal mitotic end, several RBPs contribute to establishing and maintaining 

the mitotic region (Ciosk, DePalma, & Priess, 2006; Crittenden et al., 2002; Haupt et al., 

2020; Lamont, Crittenden, Bernstein, Wickens, & Kimble, 2004). The PUF-domain RBP 

FBF-1 promotes mitosis by preventing entry to meiosis. FBF-1 represses translation of 

the meiosis-promoting RBP gld-1 by binding specific elements (FBE: FBF Binding 

Element) in its 3´UTR (Crittenden et al., 2002; Merritt, Rasoloson, Ko, & Seydoux, 

2008), resulting in poly(A) tail deadenylation (Suh et al., 2009), and transcript 

degradation (Figure 1.3). In the meiotic region where FBF-1 is absent, GLD-2, a 

cytoplasmic poly(A) polymerase, promotes polyadenylation of gld-1 and leads to 
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increased transcript stability (Suh et al., 2009; Suh, Jedamzik, Eckmann, Wickens, & 

Kimble, 2006), therefore promoting entry to meiosis.  

Transgenic reporter strains and immunostaining studies have shown that GLD-1 

first appears in the pachytene meiotic region, is absent in the loop region and oocytes, 

and then is detected again in the posterior blastomeres of the 4-cell embryo (Jones et al., 

1996) (Figure 1.2). gld-1 was first identified as a tumor-suppressor gene in an EMS 

mutagenesis screen (Francis, Barton, Kimble, & Schedl, 1995).  gld-1 null mutant 

hermaphrodites are sterile. In these mutants, mitotic germ cells enter meiosis and reach 

the pachytene stage but then exit meiosis and re-enter mitosis, thus leading to the 

formation of a tumor and failure to form oocytes. Some hypomorphic gld-1 mutant alleles 

contain germ cells arrested in the pachytene stage of prophase of meiosis I while others 

develop normally but form small defective oocytes. Some gain-of-function mutant alleles 

only produce sperm leading to masculinization of the germline, while other mutant alleles 

only produce oocytes causing feminization of the germline (Francis, Barton, et al., 1995; 

Francis, Maine, & Schedl, 1995). Interestingly, gld-1 null mutant males are normal and 

produce functional sperm. The diversity of phenotypes observed in these mutant alleles 

show that GLD-1 plays a role in meiotic entry during oogenesis, sex determination, and 

early embryo development (Farley & Ryder, 2012; Jan, Motzny, Graves, & Goodwin, 

1999; Marin & Evans, 2003).   
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Figure 1.2: Summary of the germline expression pattern and binding specificity of 

MEX-3, GLD-1, LIN-41, OMA-1/2, and DAZ-1. MEX-3, a KH-domain RBP, is 

expressed in the distal mitotic end and maturing oocytes. MEX-3 binds two motifs 

separated by 0 to 8 bases (A/G/U)(G/U)AGN(0–8)U(U/A/C)UA). GLD-1, a maxi-KH-

domain RBP, is expressed mainly in the meiotic pachytene region and at very low levels 

in the loop region. GLD-1 binds UACU(C/A)A motifs. LIN-41, an NHL-domain RBP, is 

expressed in the diplotene loop region and early oocytes. LIN-41 is thought to bind a 3-

mer loop structure with U-A in the +1/-1 position. OMA-1/2, zinc-finger RBPs, are 

expressed in the oocytes and their expression increases as the oocyte approaches 

maturation. OMA-1 binds UA(U/A)-enriched motifs. DAZ-1, an RRM RBP, is expressed 

in the mitotic region, transition zone, and early pachytene. The binding specificity of 

DAZ-1 is unknown.  
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GLD-1 (defective in Germ Line Development) belongs to a family of highly 

conserved STAR (Signal Transduction and Activation of RNA)-domain containing RNA-

binding proteins (Jones & Schedl, 1995). Analysis of the gld-1 genomic sequence 

revealed that GLD-1 contains a conserved K homology (KH) domain which suggested 

that GLD-1 binds RNA (Jones & Schedl, 1995). Analysis of the genetic interactions 

between gld-1 and other germline genes indicated that GLD-1 negatively regulates a 

factor that promotes mitosis (Francis, Maine, et al., 1995). Additionally, many of the gld-

1 mutant alleles carry mutations in a region of the protein that contains the KH domain. 

Intriguingly, some of these alleles carry missense mutations in the conserved glycine 

residue in the KH domain and were shown to rescue the tumor formation phenotype 

(Jones & Schedl, 1995). The first evidence demonstrating that GLD-1 binds RNA was a 

yeast three-hybrid assay followed by RNA gel shift assays that showed GLD-1 binds a 

specific region in the 3´UTR of tra-2, a gene required for sex determination, to repress its 

translation (Jan et al., 1999). This study confirmed that GLD-1 binds RNA, and that the 

RNA-binding activity of GLD-1 is essential for its function in the germline. Further 

analysis of the binding specificity and kinetics of GLD-1 led to the identification of a 

consensus motif for GLD-1 (Ryder, Frater, Abramovitz, Goodwin, & Williamson, 2004). 

GLD-1 binds a six-nucleotide motif GBM: GLD-1 Binding Motif ( UACU(C/A)A) in the 

UTR and binds as a homodimer (Ryder et al., 2004) (Figure 1.2). Furthermore, this study 

identified GLD-1’s binding motifs in the 3´UTR of previously known GLD-1 targets 

including rme-2 and mes-3 (Figure 1.3) (Lee & Schedl, 2001; Xu, Paulsen, Yoo, 

Goodwin, & Strome, 2001). Later studies using methods based on immunoprecipitation 
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of epitope-tagged GLD-1 followed by high throughput sequencing investigated its in vivo 

binding specificity. RIP-chip and RNAseq experiments showed that GLD-1 binds a 7-

nucleotide motif that is similar to the one identified above. Hundreds of GLD-1 mRNA 

targets were identified in this study, some of which also included motifs in the 5´UTR 

(Wright et al., 2011). This study also showed that an increased number of GBMs in the 

UTR leads to increased likelihood of GLD-1 binding to the UTR. In vivo 

PhotoActivatable Ribonucleoside-enhanced CrossLinking and ImmunoPrecipitation 

(iPAR-CLIP) experiments identified a GLD-1 binding motif that is similar to the two 

motifs identified above (Jungkamp et al., 2011). Among all these motifs, there appears to 

be an enrichment for ACUAA motifs. A more recent RIP-chip study revealed new GLD-

1 targets and suggested that some of GLD-1 targets are recognized by motifs different 

from the known canonical GBM (Doh, Jung, Reinke, & Lee, 2013). In some GLD-1 

targets, a UA motif upstream of the GBM appeared to contribute to GLD-1’s binding, 

which was also observed in an earlier study (Doh et al., 2013; Ryder et al., 2004). Taken 

together, these studies determined the binding specificity of GLD-1 and identified 

hundreds of previously unknown targets, some of which have been validated in vitro and 

in vivo since then. GLD-1 targets are involved in DNA replication, mitotic cell division, 

and embryonic development. 

In the loop region as the diplotene nuclei start to fully cellularize, the TRIM-

NHL-domain RBP LIN-41 (abnormal cell LINeage) is detected (Tocchini et al., 2014; 

Tsukamoto et al., 2017) (Figure 1.2). lin-41 was identified in a genetic screen for 

mutants that suppress the larval lethality and heterochronic defects caused by mutating 
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the microRNA let-7 (Slack et al., 2000). LIN-41 acts in the heterochronic pathway to 

ensure normal cell patterning during larval development. Interestingly, LIN-41 was later 

found to also play a role in the germline (Spike, Coetzee, Eichten, et al., 2014; Spike, 

Coetzee, Nishi, et al., 2014; Tocchini et al., 2014; Tsukamoto et al., 2017). Null mutants 

of lin-41 fail to progress through meiosis and produce small defective oocyte-like cells, 

thus leading to sterility. Tocchini et al isolated a different allele of lin-41 that resulted in a 

pre-mature stop codon. The resulting protein contained the RING domain but removed 

other domains in the protein including the NHL domains which bind the RNA. These 

animals expressed embryo-specific genes as well as some somatic genes in the proximal 

end of the germline. Interestingly, these animals also appeared to be smaller than wild 

type and their vulva appeared to burst. LIN-41 is thought to maintain the germline 

identity of the oocytes in the proximal end. Additional studies showed that LIN-41 

contributes to oocyte formation and growth by targeting the UTRs of mRNAs to regulate 

their expression. LIN-41 was shown to repress translation of cdk-1, a cyclin-dependent 

kinase, to prevent pre-mature oocyte maturation. LIN-41 was also shown to repress 

translation of additional genes including zif-1, rnp-8, and lin-29 (Spike, Coetzee, Nishi, et 

al., 2014; Tsukamoto et al., 2017). While the in vivo binding specificity of C. elegans 

LIN-41 remains unknown, the in vitro binding assay RNAcompete combined with some 

biochemical and genetics studies suggest that LIN-41 recognizes a 3-mer loop structure 

with U-A in the +1/-1 position in its target UTRs (Kumari et al., 2018; Loedige et al., 

2015; Ray et al., 2009) (Figure 1.2).  



 17 

Other RBPs that contribute to oocyte development are the CCCH tandem zinc-

finger RBPs OMA-1/2 (Oocyte MAturation defective). OMA-1/2 are first detected in the 

proximal oocytes. OMA-1/2 levels increase progressively as the oocytes approach 

maturation (Detwiler, Reuben, Li, Rogers, & Lin, 2001; Tsukamoto et al., 2017) (Figure 

1.2). OMA-1/2 remain in the 1-cell embryo but then get cleared in the 2-cell embryo. 

Neither oma-1 nor oma-2 are required for oocyte maturation, but oma-1;oma-2 double 

null mutant animals are sterile indicating redundant functions (Detwiler et al., 2001). 

Oocytes produced by the double mutant animals are abnormally large, exhibit defects in 

the nuclear envelope, and arrest in diakinesis. OMA-1/2 contain two CCCH zinc-finger 

domains that recognize and bind UA(A/U) motifs; each finger recognizes a motif 

(Kaymak & Ryder, 2013). Among the targets of OMA-1/2 is the glp-1 3´UTR which 

contains several UA(A/U) motifs (Figure 1.2). Purified recombinant OMA-1 binds 

fragments of the glp-1 3´UTR in vitro and knockdown of oma-1/2 results in increased 

expression of a glp-1 3´UTR transgenic reporter in the oocytes (Kaymak & Ryder, 2013). 

Interestingly, OMA-1 binds its target 3´UTRs with high cooperativity, suggesting that 

density and distribution of the motifs might contribute to 3´UTR recognition. Analysis of 

the 3´UTRs of the mRNAs associated with epitope-tagged OMA-1 showed enrichment of 

UA(A/U) motifs (Tsukamoto et al., 2017). Additionally, OMA-1/2 have been shown to 

repress numerous 3´UTR reporter mRNAs in maturing oocytes (Kaymak et al., 2016), all 

of which contain multiple OMA-1 motifs. 

The current model proposes that LIN-41 promotes oocyte growth and prevents 

oocyte maturation in the early oocytes in part through 3´UTR-mediated translational 
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repression of mRNAs, some of which are also repressed by OMA-1/2 such as cdc-25.3, 

zif-1, and rnp-1. On the other hand, spn-4 and meg-1 are translationally repressed by 

LIN-41 in the early oocytes but positively regulated by OMA-1/2 in the late oocytes. 

SPN-4 and MEG-1 are required for early embryo development. Both LIN-41 and OMA-

1/2 are thought to mediate post-transcriptional regulation of mRNAs by binding 

components of the adenylation and deadenylation complexes to influence mRNA fate and 

gene expression (Figure 1.3) (Spike, Coetzee, Eichten, et al., 2014; Spike, Coetzee, 

Nishi, et al., 2014; Spike, Huelgas-Morales, Tsukamoto, & Greenstein, 2018; Tsukamoto 

et al., 2017).  

daz-1 (Deleted in azoospermia) is a homolog of the conserved mammalian DAZL 

and Drosophila Boule RNA-binding proteins. DAZ-1 is required for germ cell 

development during oogenesis but not spermatogenesis. In daz-1 null mutant animals, 

germ cell nuclei arrest in the pachytene stage and fail to progress through meiosis, thus 

leading to sterility (Karashima, Sugimoto, & Yamamoto, 2000; Maruyama, Endo, 

Sugimoto, & Yamamoto, 2005). DAZ-1 is mainly expressed in the distal mitotic end, 

transition zone, and at low levels in the meiotic region (Karashima et al., 2000) (Figure 

1.2). DAZ-1 may contribute to meiotic progression by targeting other RNA-binding 

proteins in the meiotic region. For instance, DAZ-1 is proposed to positively regulate the 

expression of gld-1 through its 3´UTR (Figure 1.3) (Theil, Imami, & Rajewsky, 2019). 

Knockdown of daz-1 results in repression of a gld-1 3´UTR reporter in the meiotic 

region. daz-1 null mutant animals do not exhibit defects in the mitotic germ cells. 

However, DAZ-1 may be acting redundantly with other RBPs in that region. A yeast two-
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hybrid assay and immunoprecipitation of epitope-tagged DAZ-1 showed that DAZ-1 

interacts with the cytoplasmic polyadenylation element-binding protein CPB-3 

(Hasegawa, Karashima, Sumiyoshi, & Yamamoto, 2006). cpb-3;daz-1 double mutant 

animals contain small mitotic and meiotic pachytene regions in addition to masculinized 

germlines, suggesting a role for DAZ-1 and CPB-3 in regulating germ cell proliferation 

and differentiation as well as the spermatogenesis to oogenesis switch. DAZ-1 contains 

an RNA Recognition Motif (RRM). While the binding specificity of DAZ-1 remains 

unknown, in vitro binding studies have shown that mouse DAZL recognizes and binds 

long stretches of U containing multiple G or C bases (Venables, Ruggiu, & Cooke, 2001). 

Additionally, a recent study showed that DAZL recognizes UGUU(A/U) using de novo 

motif discovery tools and analysis of iCLIP studies performed with DAZL (Mikedis et 

al., 2020).  

As shown above, many of these RBPs bind the 3´UTRs of their target mRNAs to 

regulate their translation (Figure 1.3). A landmark paper by Seydoux and co-workers 

revealed that the 3´UTR is indeed the primary determinant of patterned expression in the 

worm germline (Merritt et al., 2008). This study analyzed 30 genes that are expressed in 

specific regions of the germline including those specific to mitosis, meiotic pachytene, 

oocytes, and sperm. For each gene, they constructed a promoter reporter strain and a 

3´UTR reporter strain. The promoter reporter strain contained a transgene that consisted 

of the promoter of the gene of interest fused to GFP, a histone protein (H2B), and a pan-

germline 3´UTR (tbb-2). The histone protein localizes the GFP signal to the nucleus 

which assists with detection of the expression of the reporter. In contrast, the 3´UTR 
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reporter contained a transgene that consisted of a pan-germline promoter (pie-1) fused to 

GFP, H2B, and the 3´UTR of the gene of interest. These strains were made using 

microparticle bombardment which results in integration of the transgenes randomly in the 

genome. These transgenes can be prone to silencing in late generations (Kelly, Xu, 

Montgomery, & Fire, 1997). Then, they compared the expression pattern of the promoter 

reporter to the 3´UTR reporter for each gene. Interestingly, sperm-specific genes 

appeared to require the promoter for specific expression in the sperm while the 3´UTR 

was not sufficient for sperm-specific expression. For the rest of the germline, the 

promoter reporter strains showed expression throughout the germline while the 3´UTR 

reporter strains showed specific patterns that correlated with the known expression 

pattern of the gene of interest. Thus, germline promoters drive pan-germline expression, 

but the 3´UTR enables precise patterning. Therefore, the 3´UTR is the key determinant of 

germline expression.  

Overall, GLD-1, LIN-41, OMA-1/2, and DAZ-1 are essential to proper germline 

development. GLD-1, LIN-41, and OMA-1/2 bind short and partially degenerate motifs 

that are highly abundant in UTRs. In vivo binding specificity has only been characterized 

for GLD-1 but not LIN-41 or OMA-1/2. While there is evidence that neighboring 

sequences and secondary structure contribute to binding specificity in the case of GLD-1 

and LIN-41, we still do not know how the presence of other RBPs or neighboring motifs 

for other RBPs affects GLD-1 binding. Additionally, global in vivo targets of LIN-41 or 

OMA-1/2 remain unknown. Delineating the rules that dictate functionality of a binding 

motif and how it leads to an effect on mRNA transcript regulation is crucial to our 
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understanding of how germline RBPs recognize and bind in vivo targets to influence their 

translation and therefore gene expression. 
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Figure 1.3: Multiple RBPs mediate post-transcriptional regulation of mRNAs 

throughout the germline. Some RBPs act on the same mRNA in the same region. A 

single mRNA can be regulated in different regions of the germline by distinct RBPs.  
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Mechanisms of post-transcriptional regulation: Poly(A) tail length control 

3´UTR cleavage and polyadenylation is a conserved feature of mRNA processing 

in eukaryotes (X. Zhang, Virtanen, & Kleiman, 2010). Typically, longer poly(A) tails 

stabilize mRNA transcripts while shorter poly(A) tails lead to transcript degradation. 

Control of poly(A) tail length as a form of controlling mRNA stability and therefore 

protein levels and localization has been shown to regulate various aspects of development 

and disease in animals (Gruber & Zavolan, 2019; Richter, 1999). Control of mRNA 

poly(A) tail length is one of the major mechanisms of translational control in C. elegans 

germline. gld-2 (defective in Germ Line Development) and gld-4 encode the main 

cytoplasmic poly(A) polymerases (PAP) (Schmid, Kuchler, & Eckmann, 2009; Wang, 

Eckmann, Kadyk, Wickens, & Kimble, 2002). gld-2 was identified in a screen for genes 

involved in the mitosis to meiosis switch. Both gld-2 null hermaphrodites and males are 

sterile due to failure to progress through prophase of meiosis I. Sequence homology 

analysis showed that GLD-2 is part of the DNA polymerase β-like superfamily of 

nucleotidyltransferases. It is considered a non-canonical poly(A) polymerase because it 

lacks an RRM region, unlike canonical PAPs (Wang et al., 2002). GLD-2 is expressed 

throughout the germline and early embryos. Although GLD-2 lacks an RNA-binding 

domain, a yeast two- hybrid screen demonstrated that the KH-domain RNA-binding 

protein GLD-3 binds GLD-2, suggesting that GLD-2 may use GLD-3 to bind its targets. 

Additionally, a poly(A) polymerase assay was performed with GLD-2 and GLD-3. GLD-

2 was able to polyadenylate only in the presence of GLD-3. GLD-3 was previously 

described to play a role in the spermatogenesis to oogenesis switch pathway, independent 
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of its function with GLD-2. gld-3 was discovered in a yeast two-hybrid screen for genes 

that interact with the PUF RBPs FBF-1/2 (Eckmann, Kraemer, Wickens, & Kimble, 

2002). GLD-3 is a bicaudal C KH-domain RNA-binding protein. In hermaphrodites, 

GLD-3 is expressed at low levels in the mitotic end, transition zone, and meiotic 

pachytene. GLD-3’s expression increases in the oocytes. GLD-3 is also found in the 

embryos where it associates with P-granules.  gld-3 null mutant hermaphrodites exhibit 

spermatogenesis defects that result in sterility. Some of these mutant animals still 

produce oocytes but they end up stacking in the germline due to the lack of functional 

sperm. GLD-3 is thought to promote spermatogenesis by preventing FBF-1/2 from 

3´UTR-mediated repression of fem-3 mRNA translation (Eckmann et al., 2002). 

Normally, FBF repress translation of fem-3 mRNA to promote oogenesis. Together, 

GLD-3 is epistatic to FBF in promoting the sperm fate while FBF is epistatic to GLD-3 in 

the mitosis to meiosis transition. FBF repress gld-3 through its 3´UTR in the mitotic 

region. In the meiotic region, GLD-3 promotes entry to meiosis in part through binding 

GLD-2 to promote polyadenylation and stabilization of gld-1 mRNA translation (Figure 

1.3) (Eckmann, Crittenden, Suh, & Kimble, 2004; Eckmann et al., 2002; Suh et al., 2006; 

Wang et al., 2002). 

A yeast two-hybrid assay and co-immunoprecipitation experiments showed that 

GLD-2 interacts with RNP-8 (RNP (RRM RNA binding domain) containing) and that 

this interaction requires RNA (Kim et al., 2009). rnp-8 null mutant animals are fertile, but 

some animals exhibit masculinization of the germline indicating that RNP-8 promotes 

oogenesis (Eckmann et al., 2002; Kim et al., 2009; Kim, Wilson, & Kimble, 2010). RNP-
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8 is first detected in the late pachytene region and continues to be expressed in the rest of 

the germline. The binding specificity of neither GLD-3 nor RNP-8 is known. Identifying 

and characterizing the binding specificity of RNP-8 and GLD-3 will enable prediction of 

potential GLD-2 target mRNAs.  

gld-4 was first identified as an interactor of GLS-1 (GermLine Survival) in a 

yeast two-hybrid screen (Schmid et al., 2009). Like GLD-2, GLD-4 also lacks an RRM. 

Both GLD-4 and GLS-1 are expressed throughout the germline. GLD-4 was shown to 

utilize GLS-1 to bind its target UTRs and polyadenylate them. gld-4 null mutant animals 

exhibit partial sterility meaning that majority of the animals have a reduced brood size, 

but a small percentage of the animals are completely sterile. Sterility is due to defects in 

meiotic progression or the early stages of oogenesis (Schmid et al., 2009). In the mitotic 

region, GLD-4 and GLS-1 promote stabilization of the notch receptor glp-1 through 

poly(A) tail lengthening (Millonigg, Minasaki, Nousch, Novak, & Eckmann, 2014). 

Expression of a glp-1 3´UTR reporter was repressed in a gld-4 mutant background. 

Knockdown of gld-4 resulted in a shortened poly(A) tail length of the endogenous glp-1. 

Additionally, the size of the mitotic region was shortened in a gld-4 or gls-1 loss of 

function mutant. In the transition zone and as nuclei enter early stages of meiosis, the 

GLD-4/GLS-1 complex mediates stabilization and translation of gld-1 mRNA by 

lengthening its poly(A) tail and repressing de-adenylation (Figure 1.3) (Schmid et al., 

2009; Suh et al., 2006). In the proximal end of the germline, several genetic and 

biochemical studies have shown that GLD-2 mediates translational activation mediated 

by LIN-41 and OMA-1/2 in early-stage and late-stage oocytes, respectively (Tsukamoto 
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et al., 2017). Poly(A) Tail (PAT)-seq data demonstrated that the poly(A) tail lengths of 

mRNAs that associate with OMA-1/2 or LIN-41 are reduced in a gld-2 null mutant. 

Furthermore, GLD-2 appeared to associate with LIN-41 or OMA-1/2 in 

immunoprecipitation and mass spectrometry studies.  

Shortening of the poly(A) tail via de-adenylation which signals exonuclease 

activity and degradation of the mRNA also plays a role in post-transcriptional regulation 

of mRNAs in the germline. The major deadenylase complex consists of CCF-1, CCR-4, 

and NTL-1 (Nousch, Techritz, Hampel, Millonigg, & Eckmann, 2013). These 

components were identified by homology alignments to yeast and human genomes in 

addition to RNAi and immunostaining experiments. ccf-1 (yeast CCR4 associated Factor 

family) is an ortholog of yeast Caf1p (ccr-4 associated factor 1) (Molin & Puisieux, 

2005). ccr-4 (CCR (yeast CCR4/NOT complex component) homolog) is an ortholog of 

yeast Ccr4 (carbon catabolite repressor 4). CCF-1 and CCR-4 carry out the catalytic 

activity while NTL-1/LET711 is a structural component. Although all three proteins are 

expressed throughout the germline, CCF-1 appears to be most highly expressed in the 

meiotic region (Nousch et al., 2013). Interestingly, knockdown of ccf-1 or ntl-1 but not 

ccr-4 leads to reduced fertility that is caused in part by defects in oogenesis. The affected 

animals make small defective oocytes that fail to undergo meiotic maturation. These 

animals also exhibit defects in germline organization. Additionally, poly(A) tail length 

increases as a result of the knockdown of ccf-1 or ntl-1, but not ccr-4. Although CCR-4 

does not seem essential, studies have shown that knockdown of ccr-4 partially rescues the 

repression of gld-1 mRNA observed in a gld-2;gld-4 double mutant (Schmid et al., 2009). 
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CCR-4, CCF-1, and NTL-1 also associate with LIN-41 and OMA-1/2, consistent with the 

proposed role for deadenylation in 3´UTR-mediated repression of gene expression in the 

oocytes (Tsukamoto et al., 2017).  

 

Mechanisms of post-transcriptional regulation: translational control 

Translation initiation factor complexes at the 5´-end of transcripts can control 

3´UTR-mediated translational control of mRNAs. In C. elegans, more than half of the 

mRNA transcripts have a tri-methylated guanosine (TMG) cap at the 5´ end instead of a 

mono-methylated guanosine (MMG) cap. This phenomenon results from splice leaders 

(SL1/2) trans-splicing to C. elegans mRNAs (Liou & Blumenthal, 1990). Splice leaders 

are small nuclear sequences with a TMG cap at their 5´ ends. Sequence homology-based 

searches were used to predict homologues of the human translation initiation factor eIF4E 

in the C. elegans genome. Initially, three isoforms were identified (IFE-1/2/3). 

Recombinant proteins of these isoforms were purified and used in affinity 

chromatography assays to determine their ability to bind analogs of the TMG cap. IFE-1 

(Initiation Factor 4E (eIF4E) family) exhibited the highest affinity followed by IFE-2 and 

then IFE-3. Two additional isoforms were identified later (IFE-4/5). In Keiper et al, 

knockdown of ife-1, ife-2, ife-4, or ife-5 did not affect viability, but knockdown of ife-3 

caused embryonic lethality (Jankowska-Anyszka et al., 1998; Keiper et al., 2000). 

Knockdown of some isoforms simultaneously also led to embryonic lethality. For 

instance, knockdown of both ife-1 and ife-2 resulted in 75% embryonic lethality, thus 



 29 

leading to reduced brood size. Knockdown of ife-1, ife-2, and ife-5 resulted in 99% 

embryonic lethality which suggests an important redundant function during embryo 

development. Similarly, knockdown of ife-2 and ife-5 resulted in 89% embryonic 

lethality. IFE-1, IFE-3, and IFE-5 are expressed in the germline (Amiri et al., 2001). IFE-

2 is expressed in both somatic tissues and the germline (Song et al., 2010), while IFE-4 is 

only expressed in somatic tissues; body wall muscle, pharyngeal and tail neurons, 

spermatheca, and vulva (Dinkova, Keiper, Korneeva, Aamodt, & Rhoads, 2005). In 

contrast to the earlier study that showed knockdown of ife-1 had no effect on fertility 

(Keiper et al., 2000), a different study demonstrated that knockdown of ife-1 resulted in 

reduced fertility (Amiri et al., 2001). This study also showed that these animals become 

sterile at elevated temperatures. Both phenotypes are due to defects in spermatogenesis. 

Furthermore, an ife-1 null mutant also exhibited reduced fertility at optimal temperatures 

and sterility at elevated temperatures (25°C) in another study (Henderson et al., 2009). 

This mutant appeared to exhibit defects in both spermatogenesis and oogenesis. 

Ribosome association of several germline genes such as oma-1, glp-1, pal-1, and pos-1 

appeared to be reduced in polysome fractionation experiments (Henderson et al., 2009). 

Consistently, another ife-1 mutant, which is thought to be a null mutant, exhibited 

spermatogenesis defects at elevated temperatures and reduced levels of sperm-specific 

proteins including some of the major sperm proteins (MSPs) (Kawasaki, Jeong, & Shim, 

2011). Together, these studies suggest a role for IFE-1 in promoting translational 

efficiency of germline mRNAs during gametogenesis in both hermaphrodites and males. 

This role possibly becomes more critical under stressful conditions.   
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ife-2 null mutants exhibit reduced fertility at elevated temperatures due to defects 

in both spermatogenesis and oogenesis (Song et al., 2010). Interestingly, IFE-2 has also 

been shown to play a role in regulating lifespan (Syntichaki, Troulinaki, & Tavernarakis, 

2007). IFE-3 is proposed to associate with the RNA-binding proteins FBF and their target 

mRNAs (Huggins et al., 2020). Knockdown of ife-3 enhances the masculinization 

phenotype of fbf-1 null mutant animals which supports its proposed role in the sex-

determination pathway (Mangio, Votra, & Pruyne, 2015). Ribosome sedimentation 

experiments have shown that both GLD-1 and its target mRNA, pal-1, associate with 

ribosomes, therefore suggesting that GLD-1 may repress expression of pal-1 by possibly 

inhibiting the translational machinery (Mootz, Ho, & Hunter, 2004). Additionally, 

polysome profiling of GLD-1 coupled with microarray analysis of GLD-1 targets showed 

that inhibition of translation initiation is one of the major repression mechanisms used by 

GLD-1 (Scheckel, Gaidatzis, Wright, & Ciosk, 2012). CLIP studies have also shown that 

GLD-1 contains binding motifs near start codons suggesting a translational machinery 

mediated regulatory mechanism (Jungkamp et al., 2011; Wright et al., 2011). 

Interestingly, GLD-1 may play a positive role in translational control of some of its 

targets by stabilizing them. Mutating GLD-1 binding motifs (GBMs) in an oma-2 3´UTR 

transgenic reporter causes a reduction in the mRNA levels of the reporter (Scheckel et al., 

2012). Overall, the role of the various translation initiation isoforms is only starting to be 

uncovered and will likely improve our understanding of the diverse modes of post-

transcriptional regulation used in different regions of the germline.  
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IFET-1 is a homologue of mammalian eukaryotic translation initiation factor 4E 

transporter (eIF4E). This protein shuttles between the nucleus and the cytoplasm to 

mediate translation initiation. IFET-1 is expressed at low levels in the distal mitotic end 

but high levels in the meiotic pachytene and oogenic regions. IFET-1 is also expressed 

throughout the 1-cell, 2-cell, and 4-cell embryo. Strong ifet-1 loss of function mutant 

animals are sterile due to defects in oogenesis. These defects result partially from 

mislocalization of P-granule components including PGL-1, CGH-1, and CAR-1. 

Knockdown of ifet-1 was shown to alter expression of several germline 3´UTR transgenic 

reporter strains. IFET-1 is thought to contribute to translational repression of gene 

expression in the germline (Sengupta et al., 2013).  

 

CRISPR/Cas9 genome editing in the worm 

CRISPR (Clustered Regularly Interspersed Short Palindromic Repeats)/Cas9 

genome editing was developed as a tool for genome editing by the Doudna and 

Charpentier labs in the early 2010s (Deltcheva et al., 2011; Jinek et al., 2012). The tool is 

based on a naturally occurring mechanism that protects prokaryotes from infection by 

phages and plasmids. Evidence for the presence of the components that constitute this 

method such as CRISPR loci was reported much earlier in the literature (Hsu, Lander, & 

Zhang, 2014; F. J. Mojica & Rodriguez-Valera, 2016; F. J. M. Mojica & Montoliu, 

2016). CRISPR loci are found in the genomes of numerous bacteria and archaea. These 

loci including the Cas genes, which encode nucleases, are utilized as a form of adaptive 
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immunity. The repeat sequences originate from bacteriophages and ultimately function as 

templates to synthesize small RNAs (crRNAs) that guide the Cas nucleases to cleave the 

DNA of the infecting phage. Cas9, which is one of numerous Cas proteins, was 

discovered in the bacterium Streptococcus pyogenes and found to require base pairing 

between the crRNA and another RNA (tracrRNA) (trans-activating RNA) (Deltcheva et 

al., 2011). The engineering of Cas9 and a single crRNA:tracrRNA guide RNA to edit 

almost any locus of interest in the genome revolutionized the field of biomedical 

research. Subsequent studies focused on applying this tool for genome editing in various 

organisms including yeast, flies, fish, human cells, and worms (Cho, Kim, Kim, & Kim, 

2013; DiCarlo et al., 2013; Friedland et al., 2013; Gratz et al., 2013; Mali et al., 2013).  

CRISPR/Cas9 genome editing was first developed in C. elegans in 2013 

(Friedland et al., 2013). The sequence of SpCas9 was cloned into a plasmid. Cas9 

expression was driven by the promoter of eft-3 and a nuclear localization signal was 

added downstream of Cas9. The crRNA:tracrRNA sequence was cloned into another 

plasmid driven by a U6 promoter. The plasmid mix including a co-injection marker 

would then be injected into the gonads of adult animals. This method was successful and 

resulted in DNA cleavage at or near the targeted endogenous locus. The double stranded 

break in DNA can be repaired by nonhomologous end joining (NHEJ) or homologous 

repair (HR) in the case that a suitable repair template is present (Dickinson & Goldstein, 

2016). After this method was proven to be successful in inducing breaks in the genome of 

the worm, additional improvements and variations of the method were developed by 

several groups. One major advancement is the use of ribonucleoprotein complexes rather 
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than plasmids that express Cas9 and guide RNAs (Paix, Folkmann, Rasoloson, & 

Seydoux, 2015), which proved to be more effective than using the plasmid mixes. 

Overall, CRISPR/Cas9 genome editing technology in C. elegans enabled the creation of 

precise loss of function, gain of function, and null mutants. This technology enabled 

tagging endogenous loci with fluorescent proteins and epitope tags, thus allowing 

detection of spatiotemporal expression pattern of proteins. CRISPR/Cas9 has made it 

possible to answer biological questions that were almost impossible to address before 

with astonishing precision.     

 

 

C. elegans KH-domain RNA-binding protein MEX-3 

mex-3 (Muscle EXcess) was identified in a screen for genes that cause maternal-

effect embryonic lethality (Draper et al., 1996). mex-3 null mutants lay dead embryos that 

contain extra muscle and germ cells. Both in vitro and in vivo studies have shown that 

MEX-3 protein is expressed at low levels in the distal mitotic end but absent in the 

meiotic and loop regions. MEX-3 appears again in the oocytes and its levels increase 

progressively as the oocytes approach maturation. MEX-3 is also expressed uniformly 

throughout the 1-cell, 2-cell, and 4-cell embryo. In the posterior blastomere and germline 

precursor cells, MEX-3 is also found in P-granules (Draper et al., 1996; Huang & Hunter, 

2015; Tsukamoto et al., 2017) (Figure 1.2). Homologues of MEX-3 are found in humans, 

mice, planarians, and zebrafish (Naef et al., 2020; Pereira, Le Borgne, Chartier, Billaud, 
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& Almeida, 2013; Pereira, Sousa, et al., 2013; Zhu, Hallows, Currie, Xu, & Pearson, 

2015). MEX-3 belongs to a conserved family of KH-domain containing RNA-binding 

proteins. MEX-3 and its homologues contain two K-homology domains that bind RNA 

(Draper et al., 1996; Pagano, Farley, Essien, & Ryder, 2009). Unlike most of its 

homologs, MEX-3 lacks a RING domain (Pereira, Le Borgne, et al., 2013). The RING 

domain mediates protein-protein interactions and is thought to mediate degradation 

through E3-ubiqutin ligase interactions.  

 

 

 



 35 

 

 

 

B

A

-1 -2 -3

distal mitotic end

pachytene region

early embryo

GFP::MEX-3

-1 -2 -3

distal mitotic end

pachytene region

early embryo

-1 -2 -3

distal mitotic end
pachytene region

early embryo

-1 -2 -3

distal mitotic end
pachytene region

early embryo

GFP::H2B::mex-3 3´UTRGFP::H2B::mex-3 3´UTR



 36 

Figure 1.4: The 3´UTR of mex-3 is sufficient for its expression pattern. A) A strain in 

which MEX-3 is endogenously tagged with GFP (GFP::MEX-3) shows that MEX-3 is 

expressed in the distal mitotic end and maturing oocytes. MEX-3 is absent in the 

pachytene meiotic region and the diplotene loop region (Tsukamoto et al., 2017). B) A 

transgenic reporter strain consists of a pan-germline promoter (mex-5) fused to GFP and 

the 3´UTR of mex-3 (Kaymak et al., 2016). This 3´UTR reporter strain shows an 

expression pattern that is similar to that of endogenous MEX-3. The reporter is expressed 

in the distal mitotic end and the maturing oocytes but is absent in the pachytene and 

diplotene meiotic regions.  
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In vitro binding studies identified MEX-3 binding specificity (Pagano et al., 

2009). MEX-3 binds two short motifs separated by 0 to 8 bases (A/G/U)(G/U)AGN(0–

8)U(U/A/C)UA) (Figure 1.2). Each domain is predicted to bind one 4-nucleotide motif. 

MEX-3’s binding specificity has been validated in the 3´UTR of pal-1 and nos-2, both of 

which have been shown to be negatively regulated by MEX-3 through their 3´UTR 

(Hunter & Kenyon, 1996; Jadhav, Rana, & Subramaniam, 2008; Pagano et al., 2009). 

PAL-1 is a homeodomain transcription factor that is required for somatic tissue 

specification and its expression is restricted to the posterior in the 2-cell and 4-cell 

embryos (Hunter & Kenyon, 1996). In mex-3 null mutant embryos, PAL-1 is found in all 

blastomeres of the early embryo. Injection of lacZ RNA fused to the 3´UTR of pal-1 

mimics the dead embryos phenotype of the mex-3 null mutant, suggesting that MEX-3 

negatively regulates pal-1 through its 3´UTR. NOS-2 is a homolog of Drosophila Nanos 

and is required for precursor germ cell development (Jadhav et al., 2008; Subramaniam & 

Seydoux, 1999). Prior to the identification of the binding specificity of MEX-3, the 

expression of a nos-2 3´UTR transgenic reporter was shown to be de-repressed 

throughout late embryos (28+) in the mex-3 null mutant background. Additionally, in 

vitro assays have shown that MEX-3 binds the 3´UTR of nos-2 (Jadhav et al., 2008). 

Additional electrophoretic mobility gel shift assays (EMSA) demonstrated that MEX-3 

binds 3´UTR regions of nos-2 and pal-1 that contain MREs (MEX-3 Recognition 

Element). The 3´UTR of nos-2 contains two MREs, both of which abrogate MEX-3’s 

binding when mutated. A transgenic reporter strain that consists of a pan germline 

promoter fused to GFP and the 3´UTR of nos-2 does not show reporter expression until 



 38 

later embryonic stages and only in the germline precursor cells. Mutating the two MREs 

in the transgenic reporter strain resulted in de-repression in the early embryo confirming 

that MEX-3 negatively regulates expression of nos-2 through its 3´UTR in the early 

embryo (Pagano et al., 2009).  

PATSCAN, a pattern-based search tool, showed that 2,834 genes of C. elegans 

genes with an annotated 3´UTR contain at least one putative MRE. Some of these genes 

are enriched in the early embryo and/or the germline (Pagano et al., 2009). In addition to 

pal-1 and nos-2, putative targets of MEX-3 that contain at least 1 MRE include gld-1, 

glp-1, lin-41, oma-1, and fbf-1. Knockdown of mex-3 did not change the expression 

pattern of a gld-1 3´UTR transgenic reporter. However, knockdown of mex-3 resulted in 

an increase of a glp-1 reporter expression in oocytes and early embryos. These MREs 

have yet to be validated in vivo within the endogenous 3´UTR. Although the in vivo 

binding specificity of MEX-3 remains unknown, studies with nos-2 and pal-1 indicate 

that the known MRE so far is an important part of MEX-3’s binding specificity. 

Additionally, the mechanisms utilized by MEX-3 to regulate the expression of its target 

genes have yet to be characterized.   

MEX-3 contributes to specification of the anterior/posterior asymmetry in the 

early embryo in part by repressing expression of pal-1 (Draper et al., 1996; Huang, 

Mootz, Walhout, Vidal, & Hunter, 2002; Hunter & Kenyon, 1996). PAL-1 is restricted to 

the posterior blastomere where its translation is necessary for posterior blastomere 

development. The posterior blastomere gives rise to the germline, some muscle and 

hypodermis tissues, and part of the nervous system. The anterior blastomere also gives 
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rise to muscle, hypodermis, and neuronal cells, but not the germline. Embryos of null 

mex-3 mutant embryos contain pal-1 in their anterior blastomere which results in the 

presence of extra muscle and germ cells in the anterior. Thus, these embryos are defective 

and fail to undergo proper embryogenesis (Draper et al., 1996; Hunter & Kenyon, 1996). 

MEX-3 was also shown to repress zif-1, which encodes a subunit of the E3 ligase. ZIF-1 

mediates degradation of a germline RBP, PIE-1, in somatic blastomeres (Oldenbroek et 

al., 2012; Reese, Dunn, Waddle, & Seydoux, 2000). In vitro binding assays suggested that 

MEX-3 binds the 3´UTR of zif-1. Additional biochemical and genetics studies showed 

that MEX-3 and SPN-4 bind together to the 3´UTR of zif-1. Neither protein alone is 

sufficient to repress a zif-1 3´UTR reporter in the anterior blastomere in the 2-cell embryo 

(Oldenbroek et al., 2012). MEX-5/6 are thought to prevent MEX-3 from repressing zif-1 

in the somatic blastomeres. As a result, ZIF-1 persists and is capable of mediating 

degradation of PIE-1.  

MEX-3 also contributes to maintenance of germ cell totipotency (Ciosk et al., 

2006). Unlike single mex-3(or20) or gld-1(q485) null mutant animals, double mutant 

animals exhibit signs of germ cell trans-differentiation. These germ cells contain somatic-

like nuclei. Meiotic nuclei are bigger and contain a clear nucleoplasm while somatic 

nuclei are smaller and contain a granular nucleoplasm due to the presence of 

heterochromatin. These animals also express transgenic neuronal, muscle, and intestinal 

reporters in the meiotic region. This phenotype is caused in part by expression of MEX-

3’s target pal-1. Knockdown of pal-1 in the double mutant results in a decrease in the 

transgenic muscle reporter expression. The presence of muscle-like cells and expression 
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of the transgenic muscle reporter in the meiotic region is therefore likely to be due to the 

de-repression of pal-1. Additional pathways that may contribute to this phenotype and are 

mediated by MEX-3 and GLD-1 remain unknown.  

In the distal mitotic end, MEX-3 is thought to promote mitosis alongside another 

RNA-binding protein, PUF-8 (Ariz, Mainpal, & Subramaniam, 2009). Single mex-3 and 

puf-8 null mutant animals produce a reduced number of germ cells in the mitotic region 

while mex-3;puf-8 double mutant animals produce very few germ cells and are sterile. 

The remaining cells contain mitotic defects. In the distal mitotic end, MEX-3 represses 

expression of rme-2, which encodes the C. elegans yolk receptor (Ciosk, DePalma, & 

Priess, 2004). RME-2 is required for endocytosis during oogenesis and is found only in 

oocytes (Grant & Hirsh, 1999; Lee & Schedl, 2001). Knockdown of mex-3 results in 

misexpression of RME-2 in mitotic germ cells. It is thought that MEX-3 represses 

translation of rme-2 rather than its stability and concentration, since the rme-2 mRNA 

expression does not change in the mitotic germ cells when mex-3 is knocked down. 

However, this repression is dependent on ATX-2, an ortholog of human ataxin 2 (Ciosk et 

al., 2004). MEX-3 is also thought to contribute to the spermatogenesis to oogenesis 

switch (Ariz et al., 2009). About 34% of the progeny of puf-8;mex-3+/- mutant animals 

produce sperm only and fail to switch to oogenesis. In summary, MEX-3 contributes to 

different stages of germ cell development as well as embryonic development.  

Activity and expression of MEX-3 itself is also regulated. In the anterior 

blastomeres, MEX-5/6 are thought to stabilize MEX-3, allowing it to repress pal-1 

expression in the anterior and restricting it to the posterior blastomeres. In the posterior 
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blastomeres, PAR-4 phosphorylates MEX-3 leading to its degradation through a SPN-4-

mediated pathway (Huang & Hunter, 2015; Huang et al., 2002). Therefore, MEX-3 

becomes incapable of repressing pal-1 expression. Other RNA-binding proteins that 

regulate MEX-3 expression include GLD-1, LIN-41, and OMA-1/2. Knockdown or 

complete loss of gld-1 results in de-repression of MEX-3 expression in the meiotic 

pachytene region (Ciosk et al., 2004; Mootz et al., 2004). In null mutants of lin-41, MEX-

3 expression is de-repressed in the loop region (Tsukamoto et al., 2017). In oma-1/2 null 

mutants, MEX-3 is overexpressed in the oocytes (Tsukamoto et al., 2017). However, it 

remains unknown whether the regulation by GLD-1 and LIN-41 is 3´UTR-mediated. 

CLIP data of GLD-1 showed that GLD-1 binds the 3´UTR of mex-3 (Jungkamp et al., 

2011). Immunoprecipitation of OMA-1 or LIN-41 showed mex-3 mRNA to be among the 

enriched genes associated with these RBPs (Spike, Coetzee, Nishi, et al., 2014).  
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Figure 1.5: Conservation of the 3´UTR of mex-3 with other Caenorhabditis 

nematodes. The 3´UTR contains three regions that appear to be conserved across several 

Caenorhabditis species. None these regions contain known putative cis-regulatory 

elements. 
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The 3´UTR of mex-3 was previously shown to be sufficient to mediate MEX-3’s 

expression pattern in the germline (Kaymak et al., 2016; Merritt et al., 2008) (Figure 

1.4). Transgenic animals carrying a reporter transgene driven by a pan-germline promoter 

fused to GFP and the 3´UTR of mex-3 (Ppie-1::GFP::H2B mex-3 3´UTR ) exhibited an 

expression pattern that is similar to that of the endogenous MEX-3 (Merritt et al., 2008). 

Another transgenic reporter strain carrying a different transgene ((Pmex-5::MODC 

PEST::GFP::H2B::mex-3 3´UTR), MODC: Mouse Ornithine DeCarboxylase) showed a 

similar expression pattern (Kaymak et al., 2016). Although the coding sequence of MEX-

3 is conserved, the 3´UTR does not seem to be significantly conserved among 

Caenorhabditis species (Figure 1.5).  

The 3´UTR of mex-3 contains putative binding motifs for GLD-1, LIN-41, and 

OMA-1/2 (Figure 1.6). The contribution of the endogenous 3´UTR of mex-3 to MEX-3’s 

expression and activity in the germline remains poorly understood. A previous study 

crossed mex-3 null mutant animals into another strain that contains a gfp::mex-3 

transgenic strain driven by a pan-germline promoter and 3´UTR (pie-1). The resulting 

strain produced viable embryos (Huang & Hunter, 2015). Although the mex-3 3´UTR 

appears to be dispensable for MEX-3’s expression and activity in the embryo, it remains 

unknown whether it is important for MEX-3’s expression and activity in the germline. 

Understanding the contribution of the 3´UTR to the expression pattern and function of 

germline genes will provide us with insights into how the 3´UTR regulates germline 

development.  
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Figure 1.6: The 3´UTR of mex-3 contains putative binding motifs for GLD-1, LIN-

41, and OMA-1/2.  
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Table 1.1: Summary of the expression pattern and binding specificity of GLD-1, 

LIN-41, and OMA-1/2, and their predicted binding motifs in the 3´UTR of mex-3. 

GLD-1 contains 11 putative binding motifs (GBMs) in mex-3 3´UTR. LIN-41 contains 

two putative bindings motifs (LBMs). OMA-1/2 contains two clusters enriched in 

UA(U/A) motifs (OBMs). 
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SCOPE OF THIS THESIS 

The major goal of this thesis was to understand the importance of the endogenous 

3´UTR in C. elegans germline in vivo, which has not been previously investigated. To 

achieve this goal, I focused on the 3´UTR of a highly conserved RNA-binding protein 

MEX-3 which exhibits a unique spatiotemporal expression pattern in the germline. In 

chapter II, I present my investigation of the phenotypes produced by disrupting the 

endogenous 3´UTR of mex-3. The 3´UTR was previously shown to be sufficient to 

mediate MEX-3’s expression pattern in the germline. I used CRISPR/Cas9 genome 

editing to delete regions of the endogenous 3´UTR followed by molecular and phenotypic 

assessment of the mutants, revealing the importance of the 3´UTR to expression pattern 

and fertility. In chapter III, I present the results of a series of RNAi experiments that I 

performed to identify several RBPs that regulate MEX-3’s expression through its 3´UTR. 

In chapter IV, I present the results of another series of RNAi experiments and poly(A) tail 

assay which showed that both poly(A) tail length control and translational control 

contribute to MEX-3’s expression pattern in the germline.  
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spatiotemporal expression pattern of MEX-3 and 
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SUMMARY 

 
Background: MEX-3, a KH-domain RBP, is essential to embryonic viability. The 

3´UTR of mex-3 was previously shown to be sufficient to mediate MEX-3’s expression 

pattern in the germline. It remains unknown whether the endogenous 3´UTR is important 

to MEX-3’s in vivo expression and germline development.  

Results: Using CRISPR/Cas9 mutagenesis, several mex-3 3´UTR deletion mutants were 

constructed and characterized. A deletion that removes majority of the 3´UTR showed 

de-repression of MEX-3 expression throughout the germline. Another deletion that 

removes a smaller region showed a modest de-repression in the loop region. Both 

mutants, and a third one that removes the 5´ half of the 3´UTR, resulted in reduced 

fertility. RNA-seq analysis revealed that mex-3 mRNA expression was only altered in the 

largest deletion mutant. All three phenotypic mutants exhibit enrichment in somatic gene 

expression.  

Conclusion: The endogenous 3´UTR of mex-3 is essential to MEX-3’s spatiotemporal 

expression pattern in the germline. In addition, the mex-3 3´UTR contributes to fertility 

but is not required for embryonic viability. Lastly, mex-3 mRNA levels do not correlate 

with MEX-3 protein levels in the various 3´UTR deletion mutants. 

Significance: The 3´UTR has long been known to be important for gene expression and 

development in C. elegans germline and early embryo. However, its importance has not 
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been investigated in the endogenous locus before. Though the 3´UTR is sufficient to 

pattern MEX-3, our study shows that it is dispensable for embryonic viability.  

 

ABSTRACT 

 
In the C. elegans germline, the 3´UTR is the main determinant of protein 

expression patterns.  For more than two decades, numerous studies of the C. elegans 

germline have established the importance of the 3´UTR and RNA-binding to germline 

development using transgenic reporter strains. It remains unknown how important the 

endogenous germline 3´UTRs are to in vivo expression pattern and protein function. The 

highly conserved KH-domain RBP MEX-3 is expressed in the distal mitotic end, 

maturing oocytes, and early embryo. MEX-3 is absent in the meiotic pachytene region as 

well as the loop region. The 3´UTR of mex-3 contains numerous putative binding motifs 

for several germline RBPs. Here, we determine whether the endogenous 3´UTR of mex-3 

is important for MEX-3’s expression pattern in vivo. We constructed several deletion 

mutants that remove distinct regions of the 3´UTR to determine which regions contribute 

to MEX-3’s expression pattern. We also assessed fertility of these mutants and their gene 

expression profile. Our results demonstrate that the endogenous 3´UTR of mex-3 is 

essential for its spatiotemporal expression pattern in the germline. We also show that wild 

type expression pattern of MEX-3 is dispensable for viability but contributes to optimal 

fertility. RNA-seq analysis of a subset of the mutants showed that mex-3 mRNA levels do 

not correlate with MEX-3’s protein levels. The majority of the differentially expressed 
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genes are somatic genes, consistent with MEX-3’s known role in regulating somatic gene 

expression. 

 

BACKGROUND AND SIGNFICANCE 

 
RNA-binding proteins mediate repression or activation of gene expression by 

binding the 3´UTR of target mRNA transcripts (Glisovic, Bachorik, Yong, & Dreyfuss, 

2008; Lee & Schedl, 2006). Many of C. elegans germline RNA-binding proteins have 

homologs in other organisms that exhibit similar functions in post-transcriptional 

regulation (Carmel, Wu, Lehmann-Blount, & Williamson, 2010; Kumari et al., 2018; Lai 

et al., 1999; Pereira, Sousa, et al., 2013; Venables et al., 2001; Zamore, Williamson, & 

Lehmann, 1997). The existence of a plethora of genetic and biochemical tools for 

studying gene expression in C. elegans makes it an ideal model organism to study the 

role of post-transcriptional regulation in orchestrating spatiotemporal expression pattern 

and function. Almost all C. elegans germline regulatory RNA-binding proteins exhibit 

unique expression patterns that correlate with their role in germline and embryo 

development.  

An important study performed by the Seydoux lab (Merritt et al., 2008) 

demonstrated that the promoter confers a pan-germline expression pattern that does not 

mirror the known endogenous expression pattern. On the other hand, the 3´UTR confers 

an expression pattern that mirrors that of the endogenous pattern. While this was true for 
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mitotic, meiotic, and oocytes specific genes, it was not true for sperm specific genes. The 

promoter is the main determinant of gene expression for sperm-specific genes. This study 

in addition to studies from our lab showed that the 3´UTR of mex-3 is sufficient to 

mediate MEX-3’s expression pattern (Figure 1.2, Figure 1.4) (Kaymak et al., 2016; 

Merritt et al., 2008). MEX-3 is expressed in the mitotic germ cells, maturing oocytes, and 

early embryo. MEX-3 is absent in the meiotic pachytene region and the loop region 

(Figure 1.2) (Draper et al., 1996; Huang & Hunter, 2015; Jud et al., 2008). The 3´UTR of 

mex-3 contains 11 putative binding motifs for the maxi-KH-domain RBP GLD-1 (Figure 

1.6, Table 1.1) (Jungkamp et al., 2011; Ryder et al., 2004; Wright et al., 2011). These 

binding motifs were determined based on the consensus GBM characterized by several in 

vitro and in vivo studies. 9 of the 11 motifs appeared in a GLD-1 PAR-CLIP study 

(Jungkamp et al., 2011). Interestingly, the consensus binding motif determined in vitro 

was very similar to the motif determined in vivo. GLD-1 binds UACU(C/A)A motifs. All 

studies showed that there is enrichment for ACUAA motifs (Doh et al., 2013; Jungkamp 

et al., 2011; Ryder et al., 2004; Wright et al., 2011). In addition to GLD-1, the 3´UTR of 

mex-3 contains two putative OMA-1 binding motifs (OBMs) (Figure 1.6, Table 1.1). In 

vitro binding assays showed that OMA-1 lacks specificity in binding its targets (Kaymak 

& Ryder, 2013). OMA-1 binds regions enriched in UA(A/U) motifs. It is thought that a 

higher number of these motifs increases the likelihood of OMA-1 binding to that region 

of the UTR (Kaymak & Ryder, 2013). Other factors that may contribute to OMA-1’s 

specificity remain unknown. One of the OBMs overlaps with two of the putative GLD-1 

binding motifs (GBMs). Finally, the 3´UTR of mex-3 also contains two putative binding 
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motifs for the NHL-domain RBP LIN-41 (Figure 1.6, Table 1.1). The binding specificity 

of LIN-41 has not been characterized in vivo. C. elegans LIN-41 is thought to recognize a 

3-mer loop structure with U-A in the +1/-1 position in its target UTRs (Kumari et al., 

2018).  

GLD-1 is only expressed in the meiotic pachytene region and at very low levels in 

the loop region. GLD-1 is absent in the distal mitotic end and the proximal end of the 

germline (Figure 1.2) (Jones et al., 1996). LIN-41 is only expressed in the loop region 

and early oocytes (Figure 1.2) (Tocchini et al., 2014; Tsukamoto et al., 2017). LIN-41 is 

absent in the distal mitotic end, meiotic pachytene region, and late oocytes in the 

proximal end of the germline. OMA-1/2 are expressed in the oocytes in the proximal end 

of the germline (Figure 1.2) (Detwiler et al., 2001). Expression of OMA-1/2 increases 

progressively as the oocytes approach maturation closer to the spermatheca. The only 

overlap between expression of MEX-3 in the germline and expression of these other 

germline RBPs is in the proximal end of the germline where both MEX-3 and OMA-1/2 

are expressed at the same time (Figure 1.2). Interestingly, the expression of both proteins 

increases progressively in that end. 

In general, the 3´UTR drives specific gene expression patterns in the germline. 

The importance of the 3´UTR in vivo has not been directly investigated. Here, we utilize 

the 3´UTR of an essential germline gene, mex-3, to investigate the importance of the 

endogenous 3´UTR to expression pattern, germline development, and viability. How the 

3´UTR orchestrates expression pattern and whether altered protein expression affects 

gene expression and germline development is unknown.   
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MATERIALS AND METHODS 

 

CRISPR/Cas9 mutagenesis  

CRISPR/Cas9 mutagenesis was performed by injecting a ribonucleoprotein 

(RNP) mix into the gonads of young adult animals. The RNP mixes were prepared 

according to published protocols (Dokshin, Ghanta, Piscopo, & Mello, 2018; Paix et al., 

2015). The RNP mixes consisted of recombinant purified SpCas9 (final conc. = 2 µM), 

chemically synthesized crRNAs (final conc. = 40ng/µl) and tracrRNA (final conc. = 40 

ng/µl), commercial duplex buffer (30 mM HEPES, pH 7.5; 100 mM potassium acetate), 

and nuclease-free water. SpCas9 was expressed from pET28a-Cas9-His (Addgene 

plasmid number 98158) plasmid and purified in our lab. The RNP mix was incubated at 

37˚C for 10 min. After the incubation, the plasmid pRF4 (rol-6) was added as a co-

injection marker (final conc. = 50 ng/µl). The mix was centrifuged at maximum speed for 

5 min prior to loading a pulled borosilicate glass capillary injection needle. Young adult 

animals were microinjected in their gonads with the injection mix and then allowed to 

recover in a drop of M9 buffer on E. coli OP50 seeded NGM plates. The progeny of the 

injected animals was screened for the presence of roller animals, indicating a successful 

injection. All roller animals were singled out onto individual NGM plates, allowed to lay 

eggs, then lysed in a lysis buffer (30 mM Tris pH=8, 8 mM EDTA, 100 mM NaCl, 0.7% 

NP-40, 0.7% Tween-20 + proteinase K just prior to use). Lysates were frozen at -80˚C for 

at least 10 min, then incubated at 65˚C for 1 hour and 95˚C for 15 min prior to 

genotyping. For a 25 µl PCR reaction, 2 µl of the lysate was used as a template. The 
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primers used to detect mex-3 3´UTR deletions were (forward primer: 5´-

GGCGGAAACATGAATCTGAGCCC- 3´, reverse primer: 5´-

CGGACAATTGATCGGCCAATTGAC-3´). PCR reactions were run on a 1.5% TAE 

agarose gel. Single bands that are shorter than the wild-type band indicate a homozygous 

mutation while two bands including the wild-type band indicate a heterozygous mutation. 

Sanger sequencing of the purified PCR product was used to define the identity of the 

specific deletion.  

 

Fluorescence microscopy and image quantification  

Animals ready to be imaged were placed on a 2% agarose pad on a microscope 

slide. The animals were picked to a drop of 1 mM levamisole on the agarose pad to 

paralyze them. Then, the animals in levamisole were covered with a glass cover slip. All 

imaging was performed using a Zeiss Axioskop 2 plus microscope. ImageJ version 1.49 

was used to quantify the images of the fluorescent animals from the mex-3 3´UTR 

deletion mutant strains. For each animal, a line (width = 30 pixels) was drawn starting 

from the distal tip of the germline spanning the entire germline to the last oocyte. The 

fluorescence intensity was measured for each pixel in the line and then binned (total 

number = 20 bins for the DG4269 animals). The fluorescence intensity from each animal 

was averaged across each bin. GraphPad Prism 7.04 was used to graph the mean 

fluorescence intensity for all the animals.  
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Brood size 

For each biological replicate, ~25 individual L3/L4 animals were placed on 

individual NGM plates seeded with E. coli OP50. Each animal was moved to a fresh 

plate after two days initially, and then moved again daily until the completion of the 

experiment. The number of eggs and larvae on the plate, from which the animal was 

moved, was counted 1-2 days later. The number of progeny is the total number of eggs 

and larvae produced during the animal’s fertile period. All animals were grown and 

counted at 20˚C. N2 wild type animals were used as the control. Each assay consisted of 

three biological replicates.  

 

RNA-seq sample and library preparation 

N2, mex-3(spr9), mex-3(spr10), and mex-3(spr5) animals were synchronized and 

then grown at 20˚C. The animals were synchronized by washing the adult animals off the 

NGM plates with M9 buffer (22mM KH2PO4, 42 mM Na2HPO4, 85.5 mM NaCl, 1 mM 

MgSO4). Then, the animals were bleached using a 20% hypochlorite solution (final conc. 

250 mM NaOH, 20% commercial bleach (Clorox), H2O) and then washed 2 times in M9 

buffer and left in a 1.7 ml Eppendorf tube rocking gently on a rocker overnight in M9 

buffer. Developmentally arrested L1 larvae were collected the following day and placed 

on NGM plates seeded with E. coli OP50. Six biological replicates for N2, four 

biological replicates for mex-3(spr9), three biological replicates for mex-3(spr10), and 

three biological replicates for mex-3(spr5) were used for RNA-seq library preparation. 
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For each biological replicate, 1-2 plates of young adults were washed with M9 buffer six 

times. After the first wash, the animals were left rocking gently in the tube on a rocker for 

10 minutes. Trizol was added after the last wash. The animals in trizol were placed in the 

-80˚C freezer prior to RNA isolation using phenol-chloroform and isopropanol 

precipitation. Ribosomal RNA was depleted following a published rRNA depletion 

protocol (Duan, Sun, & Ambros, 2020). Concentration of the RNA was measured using 

Qubit and then used for RNA-seq library preparation. RNA-seq library prep was 

performed using NEBNext Ultra II RNA library prep (cat# E7775S) protocol. NEBNext 

Multiplex Oligos for Illumina (Dual Index Primer Set 1) (cat# E7600) were used for 

library indexing. Concentration of the libraries was determined using both Qubit and 

fragment bioanalyzer. Libraries were pooled at a final concentration of 4 nM or 1 nM 

prior to sequencing. Barcoded libraries were sequenced on an Illumina NEXTSeq 500.  

 

Data analysis   

In the imaging studies, a two-tailed student t-test was used to compare the mean 

fluorescence intensities. Post-hoc pairwise p-values were calculated using the Fisher’s 

LSD test then corrected for multiple hypotheses using a Bonferroni adjustment by 

multiplying the p-values by the number of hypotheses tested. Brood size data were 

analyzed using both Mann-Whitney U test and Kolmogorov-Smirnov nonparametric tests 

to compare the distributions between mutant and control strains. The data presented in 

each brood size assay represent a global analysis from three independent biological 
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replicates. The p-values reported in figures 2.2 and 2.3 are from the Kolmogorov-

Smirnov test. The RNA-seq analysis was performed using OneStopRNAseq online tool 

v1.0.0 (Li, Hu, Liu, Green, & Zhu, 2020). MultiQC (Ewels, Magnusson, Lundin, & 

Kaller, 2016) was used to assess raw read quality while QoRTs was used to assess quality 

for post-alignment (Hartley & Mullikin, 2015). Reads were aligned to the reference 

genome assembly WBcel235 using star_2.7.5a (Dobin et al., 2013) and annotated with 

WBcel235.90 (Harrow et al., 2012). Aligned exons were counted with 

featureCounts_2.0.0 (Liao, Zhang, Guan, & Zhou, 2014). Reads that mapped to the mex-

3 3´UTR were not counted in the feature count analysis. Differential expression analysis 

was performed with DESeq2_1.28.1 (Love, Huber, & Anders, 2014). ashR was used to 

create log2 fold change (LFC) shrinkage for each comparison. Genes were considered 

significantly differentially expressed if they had an FDR < 0.05 and absolute log2 fold 

change > 0.585. Wormbase was used for the tissue enrichment analysis (Angeles-

Albores, RY, Chan, & Sternberg, 2016). WormCat was used to determine gene categories 

of the significantly differentially expressed genes (Holdorf et al., 2020). 

 

Prediction of putative MEX-3 targets  

The predicted MEX-3 binding affinities were calculated for each possible site in 

annotated C. elegans 3´UTRs using a position weight matrix derived from previously 

published in vitro mutagenesis data (Pagano et al., 2009). The calculations make the 

assumption that recognition of each nucleotide recognized by MEX-3 is independent of 
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its neighbors. The relative estimated Kd (compared to the best measured Kd) was 

calculated using the formula Krel = RT ln(∆∆Gº). 1/Krel was plotted as a function of UTR 

position to generate the wiggle plots (Figure 2.6), wherein a value of 1 indicates 

predicted binding equivalent to the control sequence, and values approaching zero 

indicating little to no propensity for MEX-3 interaction.  

 

 

RESULTS 

 

The endogenous 3´UTR of mex-3 is required for spatiotemporal expression of MEX-

3 in vivo  

The 3´UTR of mex-3 is sufficient to pattern MEX-3 germline expression in a 

transgenic reporter strain (Kaymak et al., 2016; Merritt et al., 2008) (Figure 1.4). To 

investigate the biological consequence of regulation through the 3´UTR, we used 

CRISPR/Cas9 to make an allelic series of mex-3 3´UTR deletion mutants in a strain 

where the endogenous locus of MEX-3 is tagged with GFP (GFP::MEX-3) (Tsukamoto et 

al., 2017) (Figure 2.1A). This background enables observation of changes in the 

expression pattern of GFP::MEX-3 in addition to scoring the resulting phenotypes. 

Initially, we wanted to test whether deleting most of the 3´UTR or deleting smaller 

regions (100-200bp) would have an impact on expression pattern of MEX-3. We 

reasoned that if bigger deletions did not alter the expression pattern, it is unlikely that 

small deletions that remove individual motifs would have an effect. Using an online tool, 
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we identified five potential guide RNA sites with the most efficiency and least number of 

off targets. By microinjecting a mixture of Cas9 and two different guide RNAs, we were 

able to obtain several 3´UTR deletion mutants of various lengths including a mutant 

where the majority of the 3´UTR was deleted. We generated five deletions (spr6: 142bp, 

spr7: 134bp, spr10: 190bp, spr5: 488bp, spr9: 624bp) in this series (Figure 2.1A). The 

mex-3(spr9) mutant animals contained the largest 3´UTR deletion (624bp out of 689 bp). 

Unlike wild type GFP::MEX-3, this mutant exhibited a significant increase in 

GFP::MEX-3 expression throughout the germline (Figure 2.1B-C). The altered 

expression pattern of GFP::MEX-3 indicates that the endogenous 3´UTR is required for 

the spatiotemporal expression pattern of MEX-3 in the germline in vivo. The 3´UTR 

contains putative binding motifs for germline RBPs GLD-1, LIN-41, and OMA-1/2. 

GLD-1 is expressed in the meiotic pachytene region where we observed de-repression of 

MEX-3 in this region in the spr9 allele (Figure 1.2, Figure 2.1B-C) (Draper et al., 1996). 

LIN-41, an NHL-domain RBP, is expressed in the loop region where we also observed 

de-repression of MEX-3 in this allele (Figure 1.2, Figure 2.1B-C) (Tocchini et al., 

2014). OMA-1/2, zinc finger RBPs, are expressed in the oocytes and their expression 

increases as the oocyte approaches maturation (Detwiler et al., 2001). We observed 

increased MEX-3 expression in all the oocytes (Figure 1.2, Figure 2.1B-C). These 

observations suggest that the 3´UTR of mex-3 contains repressive cis-regulatory elements 

that mediate repression of MEX-3 in different regions of the germline during multiple 

stages of germ cell development.  
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 Among the shorter deletion mutants made in the GFP::MEX-3 background, only 

mex-3(spr10) mutant animals showed an increase of GFP::MEX-3, and this increase was 

modest and restricted to the loop region (Figure 2.1D-E). This mutation resulted in a 

190bp deletion that removed the 328-517bp region of the 3´UTR (Figure 2.1A). This 

region contains five putative binding motifs for GLD-1 (GBM) and one putative binding 

motif for LIN-41 (LBM: LIN-41 binding motif) (Fig 2A, 2D, 2E). MEX-3 was still 

repressed in the pachytene region indicating that the loss of the specific GLD-1 binding 

motifs in this mutant is not sufficient to de-repress MEX-3 expression in the pachytene 

region. Even when all five were deleted, GFP::MEX-3 expression was not altered in that 

region. Therefore, our data indicate that the 328-517bp region of the 3´UTR is necessary 

for repression of MEX-3 in the loop region. Though not directly tested, it is likely that 

LIN-41 contributes to repression of mex-3 in the loop region through this part of the mex-

3 3´UTR.  
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Figure 2.1: 3´UTR deletion mutants exhibit increased GFP::MEX-3 expression in 

the germline. A) Summary of the mex-3 3´UTR deletion mutants made using 

CRISPR/Cas9. All mutants were made in the GFP::MEX-3 background except the mex-

3(spr5) mutant. B) Expression pattern of homozygous mex-3(spr9) mutant animals. This 

deletion removed majority of the 3´UTR. These animals exhibit increased GFP::MEX-3 

expression in the distal mitotic end, meiotic pachytene region, loop region, and in all 

oocytes. C) Quantification of fluorescence intensity of GFP::MEX-3 in homozygous 

mex-3(spr9) mutant animals (n=23). D) Expression pattern of homozygous mex-3(spr10) 

mutant animals. This deletion removed the 328-517bp region which contains a putative 

LBM and five putative GBMs. These animals exhibit modest increase of GFP::MEX-3 in 

the loop region. E) Quantification of fluorescence intensity of GFP::MEX-3 in 

homozygous mex-3(spr10) mutant animals (n=17). All images were taken at 40x 

magnification. Scale bar = 30 µm 
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Fertility is reduced in the mex-3(spr9), mex-3(spr10), and mex-3(spr5) mutants 

All five mutants including the spr9 allele that deletes majority of the 3´UTR are 

viable as homozygotes and can be easily propagated as such. The overall morphology 

appears normal in all variants. This demonstrates that the 3´UTR, though both necessary 

to establish the pattern of endogenous MEX-3 and sufficient to pattern reporter 

expression, is not essential for viability. To determine if the 3´UTR deletion mutations 

compromise reproductive health, we measured the brood size in homozygous mutant 

animals compared to control wild type animals. Brood size was reduced in mex-3(spr9) 

(Figure 2.2A, p-value = 0.0007), mex-3(spr10) (Figure 2.2B, p-value = 5.3*10-26), and 

mex-3(spr5) (Figure 2.2C, p-value = 0.0003). While we do not know MEX-3 expression 

pattern in the mex-3(spr5) mutant animals, these animals also exhibited reduced fertility. 

This observation indicates that the 28-515bp region of the 3´UTR contributes to fertility. 

Interestingly, the mex-3(spr10) mutant caused a reduction in brood size similar to that in 

the largest UTR deletion mutant strain mex-3(spr9). These results suggest that 

deregulation of MEX-3 expression in the loop region of the germline is sufficient to 

cause reduced fertility. Together, our data demonstrate that de-repression of MEX-3 has 

no impact on germline morphology and does not cause sterility but does lead to reduced 

fertility. These results also suggest that limiting MEX-3 expression pattern in the loop 

region is necessary for optimal fertility.   
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Figure 2.2: mex-3(spr9), mex-3(spr10), and mex-3(spr5) mutant animals exhibit 

reduced fertility. (A) Brood size assay of homozygous mex-3(spr9) mutant animals at 

20˚C. (B) brood size assay of homozygous mex-3(spr10) mutant animals at 20˚C. (C) 

Brood size assay of mex-3(spr5) mutant animals at 20˚C. Each dot represents the brood 

size of an individual animal. Data from three biological replicates are shown in the graph. 

P-values are from a Kolmogorov-Smirnov test. 
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Deletion of the 26-167bp or 515-648bp region does not alter endogenous MEX-3 

expression or affect fertility  

Neither mex-3(spr6) nor mex-3(spr7) mutant animals showed altered GFP::MEX-

3 expression (Figure 2.3A-D). The deletion in mex-3(spr6) mutant animals removed 1 

putative GBM (Figure 2.1A). This observation indicates that this GBM is not sufficient 

to repress MEX-3 expression in the meiotic pachytene region. It also indicates that this 

region does not contain a cis-regulatory element that is sufficient to mediate repression of 

MEX-3 anywhere in the germline. The deletion in the mex-3(spr7) mutant animals 

removed one putative LBM and three GBMs (Figure 2.1A). The lack of altered 

GFP::MEX-3 expression suggests that this LBM is not sufficient to mediate repression of 

MEX-3 in the loop region and that these three GBMs are not sufficient to mediate 

repression of MEX-3 in the meiotic pachytene region (Figure 2.3B, 2.3D). It also 

indicates that this region does not contain cis-regulatory elements that mediate repression 

of MEX-3 anywhere in the germline. Additionally, brood size was not reduced in either 

mex-3(spr6) or mex-3(spr7) mutant animals (Figure 2.3E-F) which suggests that these 

regions also do not contribute to animal fertility.  
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Figure 2.3: mex-3(spr6) and mex-3(spr7) mutant animals do not exhibit altered 

MEX-3 expression or reduced fertility. A) Expression pattern of homozygous mex-

3(spr6) mutant animals which contain a deletion that removes one putative GBM. 

GFP::MEX-3 expression is not altered in this mutant. B) Expression pattern of 

homozygous mex-3(spr7) mutant animals which contain a deletion that removes one 

putative LBM and three putative GBMs. GFP::MEX-3 expression is not altered in this 

mutant. C) Quantification of fluorescence intensity of GFP::MEX-3 in homozygous mex-

3(spr6) mutant animals (n=16). D) Quantification of fluorescence intensity of 

GFP::MEX-3 in homozygous mex-3(spr7) mutant animals (n=21). E) Brood size is not 

reduced in mex-3(spr6) mutant animals. F) Brood size is not reduced in mex-3(spr7) 

mutant animals. All images were taken at 40x magnification. Scale bar = 30 µm 
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mex-3 mRNA levels do not correlate with MEX-3 protein levels  

To gain insight into how the mex-3 3´UTR deletions lead to altered MEX-3 

expression pattern and reduced fertility, we used RNA-seq to determine how the 3´UTR 

deletions affected mex-3 mRNA levels and determine which genes are differentially 

expressed as a result (Figure 2.4, Figure 2.5). mex-3 mRNA abundance was not altered 

in the mex-3(spr10) or mex-3(spr5) mutant animals, but it was significantly reduced in 

the mex-3(spr9) mutant animals (greater than 1.5-fold, p-value < 0.05) (Figure 2.4, 

Figure 2.5). As such, mex-3(spr9) mutant animals exhibit increased MEX-3 protein 

expression throughout the germline but decreased mex-3 mRNA levels. By contrast, mex-

3(spr10) mutant animals display a modest increase in protein levels, but no change in 

mex-3 mRNA levels. These results show that the increase of MEX-3 protein in both 

mutants is not caused by a similar increase in mex-3 mRNA levels. It is possible that mex-

3 mRNA in the mex-3(spr9) mutant may be undergoing significantly increased 

translational efficiency, resulting in increased protein levels despite the decreased mex-3 

mRNA levels. Additionally, it appears that the deletion in the mex-3(spr10) mutant does 

not affect mex-3 mRNA levels, but it may lead to a modest increase in the translational 

efficiency of mex-3 mRNA.  

Differentially expressed genes in mex-3(spr9), mex-3(spr10), and mex-3(spr5) mutant 

animals are predominantly soma-specific   

To gain insight into how the 3´UTR deletions led to altered MEX-3 expression 

and reduced fertility, we performed differential gene expression analysis on the RNA-seq 
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data for the three phenotypic mutants ((mex-3(spr9), mex-3(spr10), mex-3(spr5)) 

compared to wild type N2 animals. Differential gene expression analysis showed that 

1407 genes were differentially expressed in mex-3(spr9) mutant animals compared to 

wild type N2 animals (Figure 2.4A). Thirty genes were upregulated while 1376 genes 

were downregulated (log2 fold change >0.585, FDR <0.05). Tissue enrichment analysis of 

these differentially expressed genes showed that they are mainly expressed in somatic 

tissues including the intestine, muscle, and neuronal cells (Figure 2.4B). Both 

downregulated as well as upregulated genes are enriched in somatic genes. On the other 

hand, only nineteen genes were differentially expressed in the mex-3(spr10) mutant 

(Figure 2.4C). Of these, seven genes were also differentially expressed in the mex-

3(spr9) mutant. dyf-3 and vet-6 are upregulated in both mutants while haf-6, C06B3.7, 

best-7, fbxc-28, and F10A3.17 are downregulated in both mutants (Figure 2.4C-D). All 

seven genes are expressed in somatic tissues except haf-6 and fbxc-28 which are 

expressed in the germline as well as the soma (Hashimshony, Feder, Levin, Hall, & 

Yanai, 2015; Murayama, Toh, Ohshima, & Koga, 2005; Sundaram, Echalier, Han, Hull, 

& Timmons, 2006). In the mex-3(spr5) mutant animals, 40 genes were significantly 

upregulated while 98 genes were downregulated (log2 fold change >0.585, FDR <0.05) 

(Figure 2.5A). Interestingly, only dyf-3 was differentially expressed in all three mutants. 

Like mex-3(spr9) and mex-3(spr10) mutant animals, the differentially expressed genes in 

the mex-3(spr5) mutant animals are soma-enriched. Tissue enrichment analysis showed 

enrichment in genes expressed in the excretory system, the intestine, and some neuronal 

cells (Figure 2.5B). Intriguingly, some PUF-domain RBPs were also among the 
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differentially expressed genes. Expression of puf-6, puf-7, and puf-10 is upregulated in 

mex-3(spr5). puf-6 and puf-7 act redundantly with puf-5 in late oogenesis (Lee & Schedl, 

2001; B. Zhang et al., 1997).  

In mex-3(spr9) and mex-3(spr5), the reduced fertility phenotype could result from 

increased expression of specific somatic genes in the germline, reduced expression of 

others, or a combination of both. Gene category analysis of these differentially expressed 

genes showed enrichment in stress response, metabolism, and proteolysis pathways 

(Figure 2.4B). It could be that overexpression of MEX-3 causes downregulation of genes 

that mitigate stress, thus indirectly reducing fertility. The mex-3 3´UTR could play a role 

in promoting animal robustness under stressful conditions. In mex-3(spr10), we predict 

that dysregulation of one or more of the nineteen differentially expressed genes underlies 

the reduced fecundity phenotype, possibly through misexpression in the loop region, 

where meiotic nuclei start to cellularize, leading to defects in oocyte cellularization or 

development.  
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Figure 2.4: Gene expression analysis of mex-3(spr9) and mex-3(spr10) mutant 

animals. A) Volcano plot of differentially expressed genes in mex-3(spr9) mutants 

compared to N2 wild type animals. mex-3 mRNA levels are reduced in the mex-3(spr9) 

mutant animals. B) Tissue enrichment analysis of the differentially expressed genes in the 

mex-3(spr9) mutant animals shows enrichment for somatic tissue including intestine and 

muscle. Gene category analysis of these genes shows enrichment for genes involved in 

the stress response, metabolism, neuronal, and muscle function. C) Top: two genes are 

upregulated in both mex-3(spr9) and mex-3(spr10) mutant animals. Five genes are 

downregulated in both mex-3(spr9) and mex-3(spr10) mutant animals. mex-3 expression 

is reduced in the mex-3(spr9) mutant but is unaltered in the mex-3(spr10) mutant. 

Bottom: expression levels of the differentially expressed genes overlapping between mex-

3(spr9) and mex-3(spr10). D) Summary of the predicted function and expression pattern 

of the genes in C, bottom panel.  
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Figure 2.5: Gene expression analysis of mex-3(spr5) mutant animals. A) Volcano plot 

of differentially expressed genes in mex-3(spr5) mutant animals compared to N2 wild 

type animals. mex-3 mRNA levels are not altered in the mex-3(spr5) mutant animals. B) 

Tissue enrichment analysis of the differentially expressed genes in the mex-3(spr5) 

mutant animals shows enrichment for somatic tissue including intestine and muscle. C) 

Venn diagram of the differentially expressed genes overlapping among the three mutants. 
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Two of the differentially expressed genes overlapping between mex-3(spr9) and mex-

3(spr10) mutant animals contain at least 1 putative MRE 

To determine whether the 3´UTRs of the overlapping differentially expressed 

genes contain MEX-3 recognition elements (MREs), we used a previously published 

method to predict putative MRE-containing UTRs. vet-6 and best-7 each contain one 

MRE motif that is a perfect match to the MRE consensus sequence. All seven genes 

contain several putative MREs that are an imperfect match to the consensus MRE (Figure 

2.5). These results suggest that these genes could be direct targets of MEX-3. 

Surprisingly, vet-6 contains a perfect MRE match in its 3´UTR but is upregulated in both 

mex-3(spr9) and mex-3(spr10) mutants. MEX-3 has only been shown to repress gene 

expression in its well-studied targets. Nevertheless, it remains possible that vet-6 is a 

direct target of MEX-3. It is possible that MEX-3 may be a positive regulatory protein in 

some contexts, as the full network of MEX-3 target mRNAs remains unknown.  

 

 

 



 80 

 

 

 

 

 

 

 



 81 

Figure 2.6: Expression levels and putative MREs in the differentially expressed 

genes in the mex-3 3´UTR deletion mutants. A) The 3´UTR of nos-2 and pal-1 contain 

two MEX-3 Recognition Motifs (MREs) each. The motifs are highlighted with a blue 

rectangle. The 3´UTR of best-7 and vet-6 contain one putative MRE each. best-7 is 

downregulated while vet-6 is upregulated in mex-3(spr9) mutant animals. B) Expression 

levels of the top upregulated and downregulated genes that contain at least 1 perfect 

putative MRE in mex-3(spr9) mutant animals. C) Expression levels of the top 

upregulated and downregulated genes that contain at least 1 perfect putative MRE in 

mex-3(spr5) mutant animals. D) Expression levels of the top upregulated and 

downregulated genes that contain at least 1 perfect putative MRE in mex-3(spr10) mutant 

animals. 
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DISCUSSION 

Our data demonstrate that the endogenous 3´UTR of mex-3 is required in vivo for 

MEX-3’s spatiotemporal expression pattern. Previous studies showed that the 3´UTR is 

sufficient to mediate expression pattern of MEX-3 using transgenic reporter strains 

driven by a pan-germline promoter (Kaymak et al., 2016; Merritt et al., 2008). In our 

study, we targeted the endogenous locus containing mex-3’s coding sequence and 

promoter. Not only do our data demonstrate the importance of the endogenous 3´UTR to 

expression pattern, but they also indicate that the 3´UTR contains cis-regulatory elements 

that mediate repression of MEX-3 in different regions of germline including the mitotic 

distal end, meiotic pachytene, loop region, and oocytes in the proximal end.  

Although we did not delete all putative 11 binding motifs for GLD-1 in the 

endogenous 3´UTR of mex-3, it is likely that GLD-1 is involved in repressing mex-3 

expression in the meiotic pachytene region through a combination of GBMs in the 

3´UTR. Two of the mutants deleted different groups of putative GBMs. Neither mutant 

showed de-repression of MEX-3 in the meiotic pachytene region suggesting that these 

specific motifs are not sufficient to mediate repression (Figure 2.1A, 2.3). It is possible 

that GLD-1 utilizes a different combination of GBMs in the 3´UTR to repress expression 

in the meiotic pachytene region. We also cannot rule out the possibility that the 3´UTR 

may contain unknown repressive regulatory elements that are recognized by a novel RBP 

and contribute to repression of MEX-3 in this region. Additionally, the dynamics and 

stoichiometry of GLD-1 binding in vivo remain unknown. We do not know if multiple 
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binding events are necessary for complete repression. Our data suggest that GLD-1 binds 

some of these motifs to mediate repression of MEX-3 in the meiotic pachytene region, 

though we do not know which motifs yet. Future experiments can include creating a 

mutant that removes all GBMs. However, some of these GBMs overlap with motifs for 

other RBPs. For instance, three of the GBMs are found in a region that is enriched in 

OMA-1 UA(A/U) motifs (Figure 2.1A). 

Our data also indicate that the 3´UTR contains motifs that mediate repression of 

MEX-3 in the loop region. Both mex-3(spr9) and mex-3(spr10) mutant animals showed 

expression of MEX-3 in the loop region. However, MEX-3 expression in the spr10 allele 

was modest compared to that in the spr9 allele (Figure 2.1). In mex-3(spr9), we do not 

know if the MEX-3 in the loop region is carried over from the meiotic pachytene region. 

The modest increase of GFP::MEX-3 in the loop region in the spr10 allele indicates that 

the region deleted in this allele contains such repressive regulatory elements. The spr9 

allele removed both putative LIN-41 binding motifs while the spr10 allele removed only 

one of the two motifs. This may explain the higher GFP::MEX-3 expression in the loop 

region in the mex-3(spr9) mutant animals. It is possible that both putative LBMs would 

need to be deleted for a stronger repressive effect. It could also be that the 3´UTR 

contains other regulatory elements that mediate repression in the loop region besides 

LIN-41. Determining LIN-41 in vivo binding specificity will provide insights into 

whether mex-3 3´UTR is in fact targeted by LIN-41 in vivo. 

The reduced fertility in the mex-3(spr9) mutant animals suggests that the mex-3 

3´UTR contributes to animal fertility. Deletion of the 3´UTR resulted in increased MEX-
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3 expression throughout the germline. Therefore, it is likely that the increased MEX-3 

expression and de-repression in different regions of the germline led to the reduced 

fertility. Since MEX-3 is an RNA-binding protein that regulates expression of 

downstream genes through their 3´UTR, it is possible that the phenotype is caused by de-

regulation of MEX-3 downstream direct targets. Only a few of MEX-3 targets are known 

and have been validated (Pagano et al., 2009). Interestingly, expression of those targets 

including pal-1, nos-2, and rme-2 was not altered in the mex-3(spr9) mutant. It is likely 

that MEX-3 altered expression of an unknown set of genes and led to the reduced fertility 

phenotype. While global targets of MEX-3 remain unknown, we can predict which genes 

contribute to the reduced fertility phenotype by assessing which targets have the 

consensus MEX-3 recognition element (MRE) in their 3´UTR. In mex-3(spr9), three of 

the top 15 upregulated protein-coding genes contain at least 1 MRE while six of the top 

15 downregulated protein-coding genes contain at least 1 MRE that is a perfect match 

(Figure 2.6B). The apoptosis factor egl-1 was among the top upregulated genes in this 

mutant (log2 fold change: 0.959, FDR <0.05). egl-1 is a component of the apoptosis 

pathway (Conradt & Horvitz, 1998). Gain of function mutants in egl-1 cause a certain 

type of neurons (HSN) to die by apoptosis, leading to defects in egg laying. EGL-1 

induces cell death of cells that are programmed to die during development. EGL-1 binds 

CED-9 and results in dissociation of CED-9 and CED-4, eventually leading to CED-3-

mediated apoptosis (Conradt, Wu, & Xue, 2016). Although studies have shown that 

EGL-1 is not required for inducing germ cell death, EGL-1 is thought to be necessary for 

DNA damage-induced apoptosis in the germline. It is possible that increased EGL-1 
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expression may have induced apoptosis in the germline. Interestingly, the p38 kinase 

PMK-3 is downregulated in mex-3(spr9) (log2 fold change: -1.206), FDR <0.05). PMK-3 

is required for preventing excessive normal germ cell apoptosis. pmk-3 loss of function 

mutants exhibit increased germ cell death (Lettre et al., 2004). Thus, it is possible that 

reduced PMK-3 expression led to an increased cell death in the germline and contributed 

to the reduced brood size phenotype. ced-11 is another apoptotic gene that was 

differentially expressed in this mutant. Unlike egl-1, ced-11 was significantly 

downregulated. CED-11 is a TRP cation channel that is necessary for degradation of 

apoptotic cells (Driscoll, Stanfield, Droste, & Horvitz, 2017). CED-11 is expressed in late 

stages of embryogenesis and during the first larval stage in the head and the tail.  

In mex-3(spr5), two of the top 15 upregulated protein-coding genes contain at 

least 1 MRE while three of the top 15 downregulated protein-coding genes contain at 

least 1 MRE that is a perfect match (Figure 2.6B). Potential candidate genes whose de-

regulation may have led to the reduced fertility are puf-6 and puf-7. All three genes were 

significantly upregulated in this mutant. puf-6 and puf-7 share 98% of their amino acid 

sequence and are thought to be redundant in function (Lublin & Evans, 2007). 

Knockdown of puf-6/7 has no phenotypes but knockdown of puf-6/7 along with puf-5 

causes defects in oogenesis (Lee & Schedl, 2001). PUF-6/7 and PUF-5 contribute to 

germline development in part by repressing expression of the notch mitosis promoting 

gene glp-1 in the oocytes (Lublin & Evans, 2007). Upregulation of PUF-6/7 may have led 

to increased downregulation of target genes that led to defects in oogenesis.   
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In mex-3(spr10), two of the six upregulated protein-coding genes contain at least 

1 MRE while two of the ten downregulated protein-coding genes contain at least 1 MRE 

that is a perfect match (Figure 2.5C-D). The exact function of VET-6 or BEST-7 is 

unknown. VET-6 is thought to contribute to gastrulation. An RNAi screen showed that 

loss of vet-6 enhanced gastrulation defects in a sensitized mutant background (Sawyer et 

al., 2011).  

Together, our data demonstrate that the endogenous 3´UTR of mex-3 is essential 

for MEX-3’s spatiotemporal expression pattern in the germline. Our findings also 

demonstrate that misregulation of MEX-3 expression affects fertility, possibly through 

direct and indirect MEX-3-mediated effects on gene expression in the germline. 

Determining all direct targets of MEX-3 in the germline will enable predicting which key 

genes lead to the reduced fertility phenotype, when de-regulated.  
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Chapter III 
 

RNA-binding proteins that mediate expression 
pattern of MEX-3 in the germline  
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SUMMARY 
 

Background: The 3´UTR of mex-3 contains putative binding motifs for the germline 

RBPs GLD-1, LIN-41, and OMA-1/2. It is unknown whether GLD-1 and LIN-41 

regulate the spatiotemporal expression pattern of MEX-3 through the 3´UTR.  

Results: RNAi experiments confirm that knockdown of gld-1, lin-41, or oma-1/2 de-

represses expression of MEX-3 in the meiotic region, loop region, and proximal end, 

respectively. RNAi experiments also show that knockdown of daz-1 increases expression 

of MEX-3 in the distal mitotic end. Repeating the RNAi in a mex-3 3´UTR transgenic 

reporter strain shows similar phenotypes except for DAZ-1.  

Conclusion: GLD-1, LIN-41, and OMA-1/2 repress MEX-3 expression through its 

3´UTR in the meiotic pachytene region, loop region, and proximal end, respectively.  

DAZ-1 indirectly represses MEX-3 expression in the distal mitotic end.  

Significance: Determining which RBPs regulate MEX-3 expression through its 3´UTR 

provides insights into how MEX-3 is spatiotemporally regulated throughout the germline. 

It will enable further dissection of the 3´UTR regions specifically bound by these RBPs.  
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ABSTRACT 
 

Post-transcriptional regulation of maternal mRNAs dictates their expression 

pattern. RNA-binding proteins are key players in UTR-mediated post-transcriptional 

regulation in the germline. Many of the germline RNA-binding proteins in the nematode 

C. elegans exhibit unique spatiotemporal expression patterns. The highly conserved KH-

domain RBP MEX-3 is expressed in the distal mitotic end, maturing oocytes, and early 

embryo. MEX-3 is absent in the meiotic pachytene region as well as the loop region. The 

3´UTR of mex-3 contains numerous putative binding motifs for several RBPs. Here, we 

identify the RBPs that regulate the spatiotemporal expression pattern of MEX-3 through 

its 3´UTR. Our results demonstrate that GLD-1, a maxi KH-domain RBP, mediates 

repression of mex-3 in the meiotic pachytene region through its 3´UTR. LIN-41, an NHL-

domain RBP, mediates repression of mex-3 in the loop region through its 3´UTR. Our 

data also confirm that OMA-1/2, zinc finger RBPs, mediate repression of mex-3 in the 

oogenic region through its 3´UTR. We also reveal that DAZ-1, an RRM RBP, is a novel 

repressor of mex-3’s expression in the distal mitotic end. Our findings suggest that GLD-

1, LIN-41, and OMA-1/2 likely mediate repression of MEX-3 through their putative 

binding motifs in the 3´UTR of mex-3. Although MEX-3 is already expressed in the 

distal mitotic end, it appears that there are mechanisms, where DAZ-1 is involved, that 

mediate a specific expression level of MEX-3 in the mitotic germ cells.  
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BACKGROUND AND SIGNIFICANCE 

 

In metazoans, post-transcriptional regulation of maternal mRNA contributes 

significantly to gametogenesis and embryogenesis (Liu et al., 2009; Mikedis et al., 2020; 

Naef et al., 2020). During germ cell development when the genome is transcriptionally 

silent and prior to the onset of zygotic transcription, RNA regulation mediates 

progression of mitotic and meiotic divisions of the germ cells as well as axis 

determination and cell fate specification in the embryo. Majority of RNA regulation 

occurs in the UTR. RNA-binding proteins bind region in the UTR and influence mRNA 

stability or translational efficiency. The C. elegans genome contains a high number of 

genes that encode proteins containing an RNA-binding domain (Tamburino et al., 2013). 

Over the past two decades, biochemical and genetic studies have identified many RNA-

binding proteins that are essential for germline development in C. elegans (Ciosk et al., 

2006; Crittenden et al., 2002; Detwiler et al., 2001; Draper et al., 1996; Jones et al., 1996; 

Jones & Schedl, 1995; Lamont et al., 2004; Lublin & Evans, 2007; Tabara et al., 1999; 

Tocchini et al., 2014). Many of these RBPs tend to exhibit unique expression patterns in 

the germline. This pattern reflects the region in the germline where they function. 

Determining the binding specificity of some of these RBPs enabled prediction and 

identification of potential binding motifs in UTRs throughout the genome (Doh et al., 

2013; Farley, Pagano, & Ryder, 2008; Jungkamp et al., 2011; Kaymak & Ryder, 2013; 

Pagano et al., 2009; Ryder et al., 2004; Wright et al., 2011). Interestingly, the 3´UTR of 

these germline RBPs appear to contain putative binding motifs for other germline RBPs. 
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Several studies have shown that one RBP can bind specific motifs in the UTR of another 

RBP to regulate its expression. Additionally, a key study has shown that the 3´UTR is the 

main determinant of expression pattern in the germline, not the promoter (Merritt et al., 

2008). 

MEX-3 is a KH-domain RBP that is essential for posterior/anterior specification 

in the early embryo and contributes to germ cell totipotency in the germline (Ciosk et al., 

2006; Draper et al., 1996). mex-3 was first identified in worms and then its homologues 

were later identified in humans, mice, zebrafish, and planarians (Buchet-Poyau et al., 

2007; Naef et al., 2020; Pereira, Sousa, et al., 2013; Zhu et al., 2015). In C. elegans, mex-

3 null mutant animals are maternal-effect embryonic lethal (Draper et al., 1996). These 

animals lay dead embryos that fail to hatch due to defects in cell fate specification. MEX-

3 protein is expressed in the distal mitotic end, maturing oocytes, and early embryo. 

MEX-3 protein is absent in the meiotic pachytene region and the loop region where 

meiotic nuclei start to cellularize and form early oocytes. Previous studies have shown 

the 3´UTR of mex-3 is sufficient to mediate its unique expression pattern in the germline 

(Kaymak et al., 2016; Merritt et al., 2008). Several studies have also shown that the 

germline RBPs GLD-1, LIN-41, and OMA-1/2 regulate the expression pattern of MEX-3 

(Mootz et al., 2004; Tsukamoto et al., 2017). Interestingly, the 3´UTR of mex-3 contains 

putative binding motifs for these RBPs. However, it is unknown whether regulation by 

GLD-1 and LIN-41 is 3´UTR-mediated.  

GLD-1 is a maxi KH-domain RNA-binding protein. Immunostaining and 

transgenic reporter strains showed that GLD-1 is expressed in the meiotic pachytene 
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region (Figure 1.2) (Jones et al., 1996; Jones & Schedl, 1995). GLD-1 plays several key 

roles in germline and embryo development. For example, it promotes entry of mitotic 

germ cells into meiosis I by repressing translation of the mitosis promoting factor glp-1. 

(Kadyk & Kimble, 1998). GLD-1 is absent in the distal mitotic end due to 3´UTR-

mediated repression of gld-1 mRNA by the PUF-domain RBPs FBF-1/2 (Crittenden et 

al., 2002; Suh et al., 2009). FBF-1’s expression starts to disappear in the transition zone 

when early stages of meiosis take place. Thus, gld-1 is relieved of repression and GLD-1 

protein levels begin to increase. GLD-1 is absent in the loop region and the oocytes but 

appears again in the early embryo. GLD-1 also contributes to maintenance of germline 

totipotency, sex determination, and embryonic development (Ciosk et al., 2006; Francis, 

Maine, et al., 1995; Jones et al., 1996). gld-1 null mutant animals are sterile. The sterility 

is caused by formation of a tumorous germline. Due to the absence of GLD-1 in these 

mutants, germ cells fail to progress through pachytene and instead reenter mitosis and 

continue to proliferate. PAR-CLIP studies performed with epitope-tagged GLD-1 

identified mex-3 as a potential target of GLD-1 (Jungkamp et al., 2011). Other studies 

have shown that MEX-3 is de-repressed in the meiotic pachytene region when gld-1 is 

knocked down, suggesting that GLD-1 negatively regulates mex-3 in that region (Mootz 

et al., 2004).  

LIN-41 is an NHL-domain RNA-binding protein (Slack et al., 2000). LIN-41’s 

expression is restricted to the loop region of the germline (Figure 1.2) (Tocchini et al., 

2014; Tsukamoto et al., 2017). In that region, the meiotic nuclei are in the diplotene stage 

of prophase of meiosis I. The nuclei start to fully recellularize and from early oocytes. 
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LIN-41 is absent in the proximal end of the germline where diakinetic oocytes undergo 

meiotic maturation. LIN-41 promotes oocyte cellularization and growth (Spike, Coetzee, 

Eichten, et al., 2014; Spike, Coetzee, Nishi, et al., 2014). Null mutants of lin-41 are 

sterile due to defects in meiotic progression. These mutant animals contain small 

defective oocyte-like cells. Although the in vivo binding specificity of C. elegans LIN-41 

is unknown, LIN-41 is predicted to recognize a 3-mer loop structure with U-A in the +1/-

1 position in its target UTRs (Kumari et al., 2018). Based on this motif, the 3´UTR of 

mex-3 contains two putative LIN-41 binding motifs (LBMs). Additionally, expression of 

GFP-tagged MEX-3 extends to the loop region in the lin-41 null mutant background 

(Tsukamoto et al., 2017). This observation suggests that LIN-41 represses mex-3 

expression in the loop region. It is unknown whether LIN-41 represses mex-3 expression 

in the loop region through its 3´UTR.   

OMA-1/2 are CCCH tandem zinc-finger RNA-binding proteins (Detwiler et al., 

2001). As the expression of LIN-41 begins to disappear in the proximal end of the 

germline, OMA-1/2 start to appear. Expression of OMA-1/2 increases progressively as 

oocytes approach maturation (Figure 1.2). Genetic studies have shown that OMA-1/2 

promote oocyte maturation. While single oma-1 or oma-2 null mutants are homozygous 

viable, the oma-1;oma-2 double mutant is sterile (Detwiler et al., 2001). These animals 

exhibit defects in oocyte maturation. They contain large defective oocytes arrested in 

diakinesis of meiosis I. Biochemical studies and transgenic reporter strains have shown 

that OMA-1 does not bind highly specific motifs. Instead, OMA-1 binds regions rich in 

UA(A/U) motifs (Kaymak & Ryder, 2013). Factors or elements that contribute to OMA-
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1’s binding specificity remain unknown. The 3´UTR of mex-3 contains two regions 

enriched in OMA-1 binding motifs (Figure 1.6). Expression of GFP-tagged MEX-3 

increases in the proximal end of the germline in the oma-1;oma-2 null mutant 

background (Tsukamoto et al., 2017). Together, it appears that OMA-1 regulates MEX-3 

expression in proximal oogenic region of the germline.  

DAZ-1 is an RRM-containing RNA-binding protein (Karashima et al., 2000). 

DAZ-1 is mainly expressed in the distal mitotic end, transition zone, and at low levels in 

the meiotic pachytene region (Figure 1.2) (Karashima et al., 2000; Maruyama et al., 

2005). DAZ-1 is required for early stages of oogenesis. daz-1 null mutant animals are 

sterile due to failure in germ cell progression through meiosis I. As a result, the germline 

contains meiotic nuclei arrested in pachytene of meiosis I. Although the binding 

specificity of DAZ-1 is unknown, studies have shown that DAZ-1 negatively regulates 

expression of a gld-1 3´UTR transgenic reporter strain the meiotic region (Theil et al., 

2019). Therefore, DAZ-1 may contribute to meiotic progression by fine-tuning 

expression of gld-1 in the transition zone and early meiotic pachytene. Given that both 

MEX-3 and DAZ-1 are expressed in the distal mitotic end, we were interested in 

determining whether DAZ-1 regulates expression of mex-3 in the distal mitotic end. 

Interestingly, the binding specificity of mouse DAZL has been determined. Mouse DAZL 

binds UGUU(A/U) motifs (Mikedis et al., 2020). The 3´UTR of mex-3 contains 4 motifs 

that correspond to mouse DAZL.  

Together, the expression pattern of MEX-3 is highly specific (Figure 1.2). The 

3´UTR of mex-3 is sufficient to mediate its unique spatiotemporal expression pattern. 
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Several germline RBPs were previously suggested to regulate expression of MEX-3. 

Whether these RBPs regulate expression of MEX-3 through its 3´UTR is unknown. So 

far, there is no evidence that MEX-3 expression is regulated in the distal mitotic end. 

Here, we determine whether GLD-1, LIN-41, and OMA-1/2 regulates MEX-3 expression 

through its 3´UTR. We also determine whether MEX-3 is regulated in the distal mitotic 

end.  

 

 

Experimental procedures 
 

RNAi  

RNAi was performed by soaking animals in double-stranded RNA corresponding 

to the genomic coding sequence of the gene of interest (Tabara, Grishok, & Mello, 1998). 

Total RNA was isolated from wild type N2 animals using trizol and phenol-chloroform 

extraction followed by isopropanol-precipitation. RT-PCR was performed using 

Superscript III One Step RT-PCR system with Platinum Taq DNA polymerase kit 

(ThermoFisher Scientific cat #: 12574026) to prepare the cDNA, which was used to 

amplify the template DNA used in the in vitro transcription (IVT) reaction to transcribe 

the dsRNA. The oligos were designed using the coding sequence of each gene of interest 

available on wormbase (wormbase.org). They spanned an exon-exon junction to make the 

amplification specific for spliced coding sequence transcripts. These oligos were 

designed to amplify regions that are about 600-900bp long. A T7 polymerase 
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transcription site (TAATACGACTCACTATAGGG) was added to the 5´ end of each 

primer. Ambion MEGAscript T7 in vitro transcription kit (ThermoFisher Scientific cat #: 

AM1333) was used to prepare the dsRNA following the manufacturer’s protocol. The 

dsRNA was purified by phenol-chloroform extraction and isopropanol precipitation. For 

the RNAi soaks, each tube contained 2µl of 5x soaking buffer (1.25x M9 buffer (Mg+2 

free), 15 mM spermidine, 0.25% gelatine, stored at -20°C), and 8µl of 500-1000ng/µl 

purified dsRNA. 0.5µl of M9 buffer (22mM KH2PO4, 42 mM Na2HPO4, 85.5 mM NaCl, 

1 mM MgSO4) containing arrested L1 animals was added to each individual tube. 

Arrested L1s were obtained by bleaching 1-2 plates of adult hermaphrodites using a 20% 

hypochlorite solution (final conc. 250 mM NaOH, 20% commercial bleach (Clorox), 

H2O) followed by 2-3 washes in M9 buffer. After the last wash, the 1.7ml Eppendorf tube 

containing the eggs and M9 buffer was left rocking gently overnight at room temperature. 

The next day, the eggs hatch in solution but arrest at the first larval stage (L1). These 

arrested L1 larvae were directly using for the RNAi experiments. In the lin-41 RNAi, L4 

animals were placed in the dsRNA instead of L1s. These L4s were hand-picked into the 

tube from a plate containing a developmentally synchronous population. This population 

was obtained by bleaching 1-2 plates of adult hermaphrodites, washing them with M9 

buffer 2-3 times, and then placing the eggs on the OP50-seeded NGM plates. The control 

tube contained 2µl of soaking buffer and 8µl of nuclease-free water. The soaked animals 

were incubated at 20˚C or 25˚C for 24 hours in the thermocycler. 20˚C incubation 

temperature was used for the DG4269 ((tn1753[gfp::3xflag::mex-3]) strain while the 

25˚C temperature was used for the WRM24 (sprSi17 [mex-5p::MODC 
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PEST::GFP::H2B::mex-3 3´UTR + Cbr-unc-119(+)] II) strain. After 24 hours, animals 

were placed on NGM plates seeded with E. coli OP50 and placed in the incubator. Once 

the animals reached adulthood, they were mounted on a 2% agarose pad on a microscope 

slide, treated with 1mM levamisole to paralyze the animals, covered with a cover glass, 

and then imaged.  

 

Fluorescence microscopy and image quantification  

All imaging was performed using a Zeiss Axioskop 2 plus microscope. Images 

were taken with a 40x oil immersion objective. ImageJ version 1.49 was used to quantify 

the images of the fluorescent animals from the RNAi experiments in the DG4269 and 

WRM24 strains. For each animal, a line (width = 30 pixels) was drawn starting from the 

distal tip of the germline spanning the entire germline to the last oocyte or right before 

the spermatheca. The fluorescence intensity was measured for each pixel in the line and 

then binned (total number = 20 bins for the DG4269 animals, 10 bins for the WRM24 

animals). The fluorescence intensity from each animal was averaged across each bin. 

GraphPad Prism 7.04 was used to graph the mean fluorescence intensity for all the 

animals.  

 

Data analysis 

A two-tailed student t-test was used to compare the mean fluorescence intensities. 

For RNAi conditions that were compared to the same control data, an unstacked one-way 
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ANOVA was used to assess the overall significance. Post-hoc pairwise p-values were 

calculated using Fisher’s LSD test then corrected for multiple hypotheses using a 

Bonferroni adjustment by multiplying the p-values by the number of hypotheses tested. 

To analyze the nuclear fluorescence intensity in the oma-1/2 RNAi animals and controls, 

a circle with a radius of 15 pixels was drawn in the nucleus and another circle of the same 

radius was drawn in the cytoplasm of the same oocyte. We calculated the ratio by 

dividing the nuclear fluorescence intensity by the cytoplasmic fluorescence intensity. We 

calculated the ratios for the two most proximal oocytes and then averaged the two ratios 

for each individual animal. A two-tailed student t-test was used to compare the ratios of 

the control and treated animals. 

 

 

Results 

 

GLD-1 represses MEX-3 expression in the meiotic region through its 3´UTR  

 

The 3´UTR of mex-3 contains 11 putative binding motifs for GLD-1 (Figure 1.6). 

GLD-1 was previously suggested to regulate MEX-3 expression (Mootz et al., 2004). To 

determine whether this regulation is 3´UTR-mediated, we first confirmed that GLD-1 

represses MEX-3 expression. We used RNAi to knock down gld-1 in a strain where 

MEX-3 is endogenously tagged with GFP (GFP::MEX-3). Knockdown of gld-1 resulted 

in formation of small defective oocytes, which is one of the reported phenotypes of gld-1 

partial loss of function mutants (Figure 3.1B) (Francis, Barton, et al., 1995). This 
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phenotype indicates that the nuclei progressed through the pachytene region. Knockdown 

of gld-1 resulted in de-repression of GFP::MEX-3 in the meiotic pachytene region 

(Figure 3.1B-C). These results confirm the proposed role for GLD-1 in repressing MEX-

3 in the meiotic region. To determine whether this regulation is 3´UTR-mediated, we 

repeated the RNAi in the mex-3 3´UTR transgenic reporter strain (mex-5p::MODC 

PEST::GFP::H2B::mex-3 3´UTR) (Figure 3.1D). Knockdown of gld-1 resulted in de-

repression of the transgenic reporter in the meiotic region (Figure 3.1E-F). We conclude 

that GLD-1 represses mex-3 expression through its 3´UTR in the meiotic pachytene 

region.  
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Figure 3.1. GLD-1 represses MEX-3 expression through its 3´UTR in the meiotic 

pachytene region. A) Control RNAi in the GFP::MEX-3 strain. MEX-3 is expressed in 

the distal mitotic end and the oogenic region but absent in the meiotic pachytene and loop 

regions. B) gld-1 knockdown results in increased MEX-3 expression in the meiotic 

pachytene region (n=7/13). C) Quantification of GFP::MEX-3 in gld-1 RNAi images. D) 

Control RNAi in the mex-3 3´UTR transgenic reporter strain. The transgene is expressed 

in the distal mitotic end and the oogenic region but absent in the meiotic pachytene and 

loop regions. E) gld-1 knockdown results in increased transgene expression in the 

meiotic pachytene region (n=8/8). F) Quantification of transgene reporter in gld-1 RNAi. 

All images were taken at 40x magnification. Scale bar = 30 µm 
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LIN-41 represses MEX-3 expression in the loop region through its 3´UTR 

 

The 3´UTR of mex-3 contains two putative binding motifs for LIN-41(Figure 

1.6). The binding specificity of C. elegans LIN-41 is not known. LIN-41 was previously 

suggested to regulate MEX-3 expression (Tsukamoto et al., 2017). To determine whether 

this regulation is 3´UTR-mediated, we first confirmed that LIN-41 represses MEX-3 

expression. We used RNAi to knockdown lin-41 in a strain where MEX-3 is 

endogenously tagged with GFP (GFP::MEX-3). Knockdown of lin-41 resulted in 

formation of small defective oocytes, which is one of the reported phenotypes of lin-41 

null mutant (Tocchini et al., 2014). Knockdown of lin-41 resulted in de-repression of 

GFP::MEX-3 in the loop region (Figure 3.2B-C). The loop region is where meiotic 

nuclei in diplotene start to fully cellularize, progress to diakinesis, and form the early 

oocytes (Figure 1.1). These results confirm the proposed role for LIN-41 in repressing 

MEX-3 in the loop region. To determine whether this regulation is 3´UTR-mediated, we 

repeated the RNAi in the mex-3 3´UTR transgenic reporter strain (mex-5p::MODC 

PEST::GFP::H2B::mex-3 3´UTR). Knockdown of lin-41 resulted in increased expression 

of the transgenic reporter in the loop region (Figure 3.2E-F). We conclude that LIN-41 

represses MEX-3 expression through its 3´UTR in the loop region.  

 

 



 103 

 

 

 

 

 



 104 

Figure 3.2. LIN-41 represses MEX-3 expression through its 3´UTR in the loop 

region. A) Control RNAi in the GFP::MEX-3 strain. MEX-3 is expressed in the distal 

mitotic end and the oogenic region but absent in the meiotic pachytene and loop regions. 

B) lin-41 knockdown results in increased MEX-3 expression in the loop region 

(n=17/17). C) Quantification of GFP::MEX-3 in lin-41 RNAi images. D) Control RNAi 

in the mex-3 3´UTR transgenic reporter strain. The transgene is expressed in the distal 

mitotic end and the oogenic region but absent in the meiotic pachytene and loop regions. 

E) lin-41 knockdown results in increased transgene expression in the loop region (n=8/8). 

F) Quantification of transgene reporter in lin-41 RNAi. All images were taken at 40x 

magnification. Scale bar = 30 µm 
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OMA-1/2 repress MEX-3 expression in the proximal region through its 3´UTR 

 

The 3´UTR of mex-3 contains several regions enriched in UA(A/U) motifs 

(Figure 1.6). OMA-1/2 were previously suggested to regulate MEX-3 expression 

(Kaymak et al., 2016; Tsukamoto et al., 2017). We used RNAi to knock down oma-1/2 in 

a strain where MEX-3 is endogenously tagged with GFP (GFP::MEX-3). Knockdown of 

oma-1/2 resulted in formation of large defective oocytes (Figure 3.3B-C) (Detwiler et 

al., 2001). Knockdown of oma-1/2 resulted in de-repression of GFP::MEX-3 in the 

oogenic region (Figure 3.3B-C). These results confirm the proposed role for OMA-1/2 in 

repressing MEX-3 in the oocytes. We repeated the RNAi in the mex-3 3´UTR transgenic 

reporter strain (mex-5p::MODC PEST::GFP::H2B::mex-3 3´UTR). Knockdown of oma-

1/2 resulted in de-repression of the transgenic reporter in the oogenic confirming prior 

results (Figure 3.3E-F) (Kaymak et al., 2016). We confirm that OMA-1/2 repress mex-3 

expression through its 3´UTR in the oogenic region. In the RNAi in the GFP::MEX-3 

strain, we observed localization of GFP::MEX-3 to the nucleus. MEX-3 is a cytoplasmic 

protein. Quantification of the GFP signal showed significant increase of GFP::MEX-3 in 

the nuclei as a result of oma-1/2 RNAi, compared to control RNAi (Figure 3.3E, G).  
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Figure 3.3 OMA-1/2 repress MEX-3 expression through its 3´UTR in the proximal 

oogenic end. A) Control RNAi in the GFP::MEX-3 strain. MEX-3 is expressed in the 

distal mitotic end and the oogenic region but absent in the meiotic pachytene and loop 

regions. B) oma-1/2 knockdown results in increased MEX-3 expression in the oogenic 

region (n=9/9). C) Quantification of GFP::MEX-3 in oma-1/2 RNAi images. D) Control 

RNAi in the mex-3 3´UTR transgenic reporter strain. The transgene is expressed in the 

distal mitotic end and the oogenic region but absent in the meiotic pachytene and loop 

regions. E) oma-1/2 knockdown results in increased transgene expression in the oogenic 

region (n=14/14). F) Quantification of transgene reporter in oma-1/2 RNAi. G) 

Quantification of nuclear GFP::MEX-3. All images were taken at 40x magnification. 

Scale bar = 30 µm 
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DAZ-1 indirectly represses MEX-3 expression in the distal mitotic end  

 

DAZ-1 expression is restricted to the distal mitotic end, transition zone, and early 

meiotic pachytene (Figure 1.2) (Karashima et al., 2000). The binding specificity of DAZ-

1 is unknown. To determine whether DAZ-1 regulates MEX-3 expression in the distal 

mitotic end, we used RNAi to knock down daz-1 in the GFP::MEX-3 strain. Knockdown 

of daz-1 resulted in defective oogenesis. These animals failed to progress through meiosis 

I and the animals arrested in meiotic pachytene instead. Interestingly, knockdown of daz-

1 resulted in increased GFP::MEX-3 expression in the distal mitotic end (Figure 3.4B-

C). These results identify DAZ-1 as a novel regulator of MEX-3 expression in the distal 

mitotic end. To determine whether this regulation is 3´UTR-mediated, we repeated the 

RNAi in the mex-3 3´UTR transgenic reporter strain (mex-5p::MODC 

PEST::GFP::H2B::mex-3 3´UTR). Knockdown of daz-1 did not alter expression of the 

transgenic reporter in the distal mitotic end. These results suggest that DAZ-1 does not 

regulate MEX-3 expression through its 3´UTR in the mitotic region. We conclude that 

DAZ-1 represses MEX-3 expression in the distal mitotic end, but it is not 3´UTR-

mediated.  
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Figure 3.4 DAZ-1 represses MEX-3 expression in the distal mitotic end, but not 

through the 3´UTR. A) Control RNAi in the GFP::MEX-3 strain. MEX-3 is expressed 

in the distal mitotic end and the oogenic region but absent in the meiotic pachytene and 

loop regions. B) daz-1 knockdown results in increased MEX-3 expression in the distal 

mitotic end (n=10/10). C) Quantification of GFP::MEX-3 in daz-1 RNAi images. D) 

Control RNAi in the mex-3 3´UTR transgenic reporter strain. The transgene is expressed 

in the distal mitotic end and the oogenic region but absent in the meiotic pachytene and 

loop regions. E) daz-1 knockdown results in increased transgene expression in the distal 

mitotic end (n=9/15). F) Quantification of transgene reporter in daz-1 RNAi. All images 

were taken at 40x magnification. Scale bar = 30 µm 
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DISCUSSION 

 

 Using RNAi in reporter MEX-3 strains, we have demonstrated that GLD-1, LIN-

41, and OMA-1/2 regulate expression of MEX-3 through its 3´UTR. We have also shown 

that DAZ-1 is a novel regulator of MEX-3 expression. In wild type animals, MEX-3 is 

absent in the meiotic pachytene region. Knockdown of gld-1 resulted in increased 

expression of both endogenous MEX-3 and a mex-3 3´UTR transgenic reporter (Figure 

3.1). It is likely that GLD-1 represses mex-3 expression by directly binding to some of its 

predicted binding motifs in the 3´UTR of mex-3. The GBMs in the 3´UTR of mex-3 were 

identified from PAR-CLIP, RIP-chip, and in vitro binding assay studies (Jungkamp et al., 

2011; Ryder et al., 2004; Wright et al., 2011). We have shown in chapter II that deleting 

majority of the 3´UTR resulted in de-repression of GFP::MEX-3 in the meiotic pachytene 

region. Combined with our RNAi data, it is likely that GLD-1 binds a certain 

combination of the putative 11 GBMs in the 3´UTR of mex-3. Our 3´UTR deletion series 

also indicated that the 5 GBMs deleted in mex-3(spr10) were not sufficient to repress 

GFP::MEX-3 in the meiotic pachytene region. The same conclusion is true for the GBMs 

deleted in the mex-3(spr7) and mex-3(spr6) mutant alleles. Additionally, neither OMA-

1/2 nor LIN-41 are expressed in the meiotic pachytene. Therefore, it is not likely these 

RBPs mediate repression of MEX-3 in that region. Consistently, their knockdown did not 

result in de-repression of GFP::MEX-3 in the meiotic pachytene region. Taken together, 

our data further confirm that GLD-1 represses mex-3 in the meiotic pachytene region of 

the germline and demonstrate that this repression is 3´UTR-mediated. Previous studies 
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have shown that animals that lack both mex-3 and gld-1 exhibit signs of germ cell trans-

differentiation (Ciosk et al., 2006). Thus, it is possible that GLD-1 represses mex-3 to 

prevent expression of somatic genes besides pal-1. Furthermore, RNA-seq analysis of the 

mex-3(spr9) mutant animals showed enrichment in soma-specific genes (Figure 2.4). 

Although MEX-3 has been identified as a repressor of gene expression, we cannot rule 

out the possibility that MEX-3 may also act as activator. GLD-1 may repress mex-3 in the 

meiotic pachytene region to prevent activation of somatic genes. 

Our data showed that LIN-41 represses expression of both endogenous MEX-3 

and a mex-3 3´UTR transgenic reporter in the loop region (Figure 3.2). Given that the 

binding of specificity of LIN-41 is unknown, we do not know whether LIN-41 binds 

elements in the 3´UTR of mex-3 to repress its expression. However, the putative LIN-41 

binding motif determined by computational predictions based on the binding specificity 

of LIN-41 homologs in other organisms shows putative LIN-41 binding motifs in the 

3´UTR of mex-3 (Kumari et al., 2018). Therefore, it is possible that LIN-41 may bind 

these motifs or similar motifs to repress expression of mex-3 in the loop region. mex-

3(spr10) in which one LBM was removed showed modest increase of GFP::MEX-3 in 

the loop region while mex-3(spr9) which removed both LBMs in addition to majority of 

the 3´UTR showed a much stronger increase of GFP::MEX-3 in the loop region. 

Although it remains possible that the bigger 3´UTR may have removed other unknown 

motifs that mediate repression of MEX-3 in the loop region, LIN-41 is still likely a 

contributor. Neither GLD-1 nor OMA-1/2 are highly expressed in the loop region. 

Furthermore, mex-3 mRNA was previously shown to associate with immunoprecipitated 
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epitope-tagged LIN-41 (Tsukamoto et al., 2017). Both published data as well as our 

3´UTR deletion mutant and RNAi data demonstrate that LIN-41 represses mex-3 through 

its 3´UTR in the loop region. It remains unknown whether LIN-41 binds either one or 

both of the putative LBMs in the 3´UTR of mex-3. LIN-41’s function in the loop region 

is to prevent pre-mature maturation of the oocytes. MEX-3 is absent in the loop region 

but appears in the proximal end and its expression increases as the oocytes approach 

maturation closer to the spermatheca (Figure 1.2). Therefore, it could be that LIN-41 

represses mex-3 to allow expression of certain germline genes that are necessary for early 

oocyte formation.  

Although MEX-3 is already expressed in the oocytes, knockdown of oma-1/2 

resulted in overexpression of MEX-3 in all oocytes (Figure 3.3). In oma-1/2 RNAi, the 

germline contained large defective oocytes that likely resembled early oocytes. OMA-1/2 

are required for oocyte maturation (Detwiler et al., 2001). Thus, knockdown of oma-1/2  

prevents normal oocyte maturation and development. MEX-3 is expressed at low levels 

in the early oocytes and its expression increases progressively as the oocyte approaches 

the proximal end and meiotic maturation (Figure 1.2). The 3´UTR of mex-3 contains two 

regions that are enriched in UA(A/U) motifs and therefore are potential OBMs. Only 

mex-3(spr9) mutant animals exhibited increased GFP::MEX-3 in all oocytes. mex-3 was 

also previously shown to associate with epitope tagged OMA-1 in immunoprecipitation 

studies (Tsukamoto et al., 2017). These data along with the RNAi data demonstrate that 

OMA-1/2 repress mex-3 through its 3´UTR, possibly through one or more of the 

UA(A/U)-enriched regions. Interestingly, LBM overlaps with two putative GBMs. Which 
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LBMs or GBMs in this region are functional in vivo remains unknown. OMA-1/2 may 

repress mex-3 in the early oocytes to prevent repression of genes that need to be 

expressed in the early oocytes but not the late oocytes. It could also be that OMA-1/2 do 

not completely repress mex-3 and that they keep its expression at a specific level.  

Finally, we have shown that DAZ-1 is a novel regulator of mex-3. Our data 

showed that DAZ-1 represses mex-3 expression in the distal mitotic end. However, this 

repression does not seem to be 3´UTR-mediated. Compared to MEX-3 levels in the 

oocytes and early embryo, MEX-3 levels appear to be relatively low in the distal mitotic 

end. It is interesting that there appears to be a mechanism that mediates repression of 

MEX-3 in the distal mitotic end. This observation suggests that overexpression or 

increased expression of MEX-3 beyond a certain level may be detrimental to germ cell 

development. For instance, it is possible that increased MEX-3 levels in the distal mitotic 

end may result in defects in germ cell mitosis. Increased MEX-3 levels may lead to 

further downregulation of some of its targets in the distal mitotic end. How DAZ-1 leads 

to repression of MEX-3 is unknown. DAZ-1 may act through the 5´UTR or coding 

sequence of mex-3. Knockdown of daz-1 may also result in increased expression of a 

positive regulator of mex-3’s expression in that region. Determining the binding 

specificity of DAZ-1 and its target mRNAs will provide insights into a potential 

mechanism of repression of mex-3 in that region.  

Together, our RNAi data in this chapter and 3´UTR mutagenesis data in chapter II 

confirm previous models and provide further evidence that the 3´UTR of mex-3 contains 

cis-regulatory elements that mediate its repression in different regions of the germline.  
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Chapter IV 
Modes of post-transcriptional regulation that 
control expression of MEX-3 in the germline 
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SUMMARY 
 

Background: MEX-3 exhibits a unique expression pattern in the germline. The 3´UTR 

of mex-3 is sufficient to mediate MEX-3 expression in the germline. It is unknown what 

modes of post-transcriptional regulation mediate MEX-3’s expression pattern. 

Results: Knockdown of the cytoplasmic poly(A) polymerase gld-2 resulted in decreased 

expression of endogenous MEX-3 and the mex-3 3´UTR transgenic reporter strain in the 

distal mitotic end. Knockdown of gld-3 resulted in increased endogenous MEX-3 but not 

the mex-3 3´UTR transgenic reporter in the meiotic pachytene region. Knockdown of the 

deadenylase ccf-1 resulted in increased expression of endogenous MEX-3 but not the 

transgenic reporter in the distal mitotic end. Knockdown of ntl-1 resulted in increased 

expression of endogenous MEX-3 but decreased expression of the transgenic reporter in 

the distal mitotic end. Deletion of majority of the 3´UTR resulted in overall shortened 

poly(A) tail length of mex-3 mRNA. Knockdown of the translation initiation factor ife-3 

resulted in increased expression of endogenous MEX-3 in the meiotic pachytene region. 

Conclusion: Cytoplasmic poly(A) polyadenylation contributes to MEX-3’s expression in 

the distal mitotic end, and regulation requires its 3´UTR. Deadenylation contributes to 

repression of MEX-3 in the distal mitotic end but does not appear to be 3´UTR-mediated. 

The 3´UTR of mex-3 mediates its poly(A) tail length. The KH-domain RBP GLD-3 

contributes to repression of MEX-3 in the meiotic pachytene region, but this repression 

does not require the 3´UTR of mex-3. IFE-3 contributes to repression of MEX-3 in the 

meiotic pachytene region.  
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Significance: Determining which modes of post-transcriptional regulation govern 

expression of MEX-3 in different regions of the germline provides insights into how 

MEX-3’s pattern is established and may provide insights into additional regulatory 

factors that could act through the 3´UTR of mex-3 to regulate its expression pattern.  

 

 

ABSTRACT 

Modes of post-transcriptional regulation of mRNA include poly(A) tail length 

control and control of translational efficiency. Processing of mRNA entails addition of a 

poly(A) tail and a 5´ cap, both of which stabilize the transcript. Post-transcriptional 

regulation can result in further polyadenylation of the mRNA transcript which leads to 

further stabilization. Alternatively, the mRNA transcript can be de-adenylated leading to 

degradation mediated by exonucleases. Both pathways affect the amount of protein 

present in addition to post-translational regulatory mechanisms. Translational efficiency 

of an mRNA transcript can be influenced by factors that bind the 3´UTR and interact 

with components of the translational machinery to promote transcript stabilization or 

inhibit one of the steps of translation. In C. elegans, poly(A) tail length control has been 

shown to contribute to post-transcriptional regulation of several maternal mRNAs such as 

gld-1. Here, we determine whether poly(A) tail length control and the translation 

initiation factor IFE-3 contribute to MEX-3 expression in the germline. Furthermore, we 

determine whether the deletions we made in the 3´UTR of mex-3 affected its poly(A) tail 



 118 

length. Our results demonstrate that GLD-2, a cytoplasmic poly(A) polymerase, mediates 

positive regulation of MEX-3 in the distal mitotic end while CCF-1, a major deadenylase, 

mediates repression of MEX-3 expression in that region. Our findings also reveal that 

GLD-3, a KH-domain RBP that sometimes partners with GLD-2, promotes negative 

regulation of MEX-3 expression in the meiotic pachytene region. In that same region, 

IFE-3 appears to confer a negative regulatory role. Finally, we show that deleting 

majority of the 3´UTR results in shortened poly(A) tail length of mex-3 mRNA. 

Together, our findings suggest that poly(A) tail length control regulates expression of 

MEX-3 in the distal mitotic end while translation initiation contributes to repression of 

MEX-3 in the meiotic pachytene region. And that the 3´UTR mediates poly(A) tail length 

of mex-3.  

 

 

BACKGROUND AND SIGNIFICANCE 

Polyadenylation is part of pre-mRNA processing in both prokaryotes and 

eukaryotes. Control of poly(A) tail length is a conserved mechanism of post-

transcriptional regulation (X. Zhang et al., 2010). In C. elegans, gld-2 encodes a 

cytoplasmic poly(A) polymerase that is responsible for majority of the polyadenylation in 

the worm germline (Nousch, Minasaki, & Eckmann, 2017; Wang et al., 2002). GLD-2 is 

expressed throughout the germline and early embryos. gld-2 null mutant hermaphrodites 

are sterile. Sterility is caused by defects in oogenesis and spermatogenesis during meiotic 
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progression. The null mutant hermaphrodites contain meiotic nuclei in the pachytene 

stage but no diakinetic nuclei which normally indicate oocyte formation (Wang et al., 

2002). Studies have shown that GLD-2 promotes polyadenylation and stabilization of the 

meiosis-promoting RBP gld-1 (Suh et al., 2006; Wang et al., 2002). GLD-2 likely 

stabilizes additional maternal mRNAs whose translation is necessary for progression 

through meiosis, oocyte formation, and oocyte maturation. In addition, several studies 

have suggested that GLD-2 functions with RBPs LIN-41 and OMA-1/2 to mediate oocyte 

development and the oocyte-to-embryo transition (Tsukamoto et al., 2017). Unlike 

canonical cytoplasmic poly(A) polymerases, GLD-2 lacks an RNA-binding domain. Only 

two binding partners of GLD-2 have been identified so far. GLD-2 binds GLD-3 or RNP-

8 (Eckmann et al., 2004; Kim et al., 2010). GLD-3 is a bicaudal C KH-domain RBP 

(Eckmann et al., 2002). GLD-3 is expressed at low levels in the mitotic end, transition 

zone, and meiotic pachytene and then its expression increases in the oocytes. In addition 

to binding GLD-2, GLD-3 was shown to function in the sex determination pathway. Null 

gld-3 mutants fail to make functional sperm due to spermatogenesis defects. As a result, 

the oocytes accumulate in the proximal end of the germline. RNP-8 is an RRM-

containing RBP (Kim et al., 2009; Kim et al., 2010). RNP-8 is expressed in the meiotic 

pachytene region and continues to be expressed in the rest of the germline. Null rnp-8 

mutant animals are fertile but exhibit reduced brood size. The reduced fertility phenotype 

is thought to result from defects in oogenesis. These animals appear to contain fewer 

oocytes compared to wild animals and increased apoptosis. The binding specificity of 
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neither GLD-3 nor RNP-8 is known. Therefore, it is unknown whether these RBPs 

contain binding motifs in the 3´UTR of mex-3.  

GLD-4 is the other cytoplasmic poly(A) polymerase (Schmid et al., 2009). GLD-4 

is expressed throughout the germline in hermaphrodites. Strong loss of function gld-4 

mutant animals are fertile. However, they exhibit reduced fertility, and a small percentage 

of the mutant animals are sterile (~ 26%). GLD-4 appears to contribute to germ cell 

mitosis and/or meiotic entry in addition to proper embryo development. Like GLD-2, 

GLD-4 also lacks an RRM. Using in vitro assays and co-immunoprecipitation studies, 

GLD-4 appears to bind GLS-1 (Schmid et al., 2009). The GLD-4/GLS-1 complex is 

thought to promote polyadenylation and stabilization of the mitotic-promoting factor glp-

1 in the distal mitotic end (Millonigg et al., 2014). Interestingly, the GLD-4/GLS-1 

complex also mediates polyadenylation and stabilization of the meiosis-promoting factor 

gld-1 in the transition zone and early meiotic pachytene region.  

The major de-adenylase complex in C. elegans consists of deadenylases CCF-1, 

CCR-4, and a structural subunit NTL-1 (Molin & Puisieux, 2005; Nousch et al., 2013). 

All three components are expressed throughout the germline. Knockdown or knockout of 

ccf-1, ntl-1, or ccr-4, results in reduced fertility. However, only knockdown of ccf-1 or 

ntl-1 results in germline defects. The affected animals fail to produce normal oocytes. 

Instead, the proximal end of the germline consists of accumulated small defective oocytes 

that fail to undergo oocyte maturation. Knockdown of ccf-1, ccr-4, or ntl-1 results in 

increased poly(A) tail length (Nousch et al., 2013).  
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Sequence homology-based searches predicted homologs of the human translation 

initiation factor eIF4E in the C. elegans genome (IFE-1, IFE-2, IFE-3). Two additional 

isoforms were identified later (IFE-4/5). In Keiper et al, knockdown of ife-1, ife-2, ife-4, 

or ife-5 did not affect viability, but knockdown of ife-3 caused embryonic lethality 

(Jankowska-Anyszka et al., 1998; Keiper et al., 2000). Knockdown of some isoforms 

simultaneously also led to embryonic lethality. IFE-1, IFE-3, and IFE-5 are expressed in 

the germline (Amiri et al., 2001). IFE-2 is expressed in both somatic tissues and the 

germline (Song et al., 2010), while IFE-4 is only expressed in somatic tissues; body wall 

muscle, pharyngeal and tail neurons, spermatheca, and vulva (Dinkova et al., 2005). IFE-

3 is proposed to associate with the RNA-binding proteins FBF and their target mRNAs 

(Huggins et al., 2020). Knockdown of ife-3 enhances the masculinization phenotypes of 

fbf-1 null mutant animals which supports its proposed role in the sex-determination 

pathway (Mangio et al., 2015). It is unknown whether poly(A) tail length control 

regulates MEX-3’s expression pattern in the germline and whether translational factors 

such as translation initiation factors influence expression of MEX-3 in the germline.  

 

MATERIALS AND METHODS 

 

RNAi  

RNAi was performed by soaking animals in double-stranded RNA corresponding 

to the genomic coding sequence of the gene of interest. Total RNA was isolated from 

wild type N2 animals using trizol and phenol-chloroform extraction followed by 



 122 

isopropanol-precipitation. RT-PCR was performed using Superscript III One Step RT-

PCR system with Platinum Taq DNA polymerase kit (ThermoFisher Scientific cat #: 

12574026) to prepare the cDNA, which was used to amplify the template DNA used in 

the in vitro transcription (IVT) reaction to transcribe the dsRNA. The oligos were 

designed using the coding sequence of each gene of interest available on wormbase 

(wormbase.org). They spanned an exon-exon junction to make the amplification specific 

for spliced coding sequence transcripts. These oligos were designed to amplify regions 

that are about 600-900bp long. A T7 polymerase transcription site 

(TAATACGACTCACTATAGGG) was added to the 5´ end of each primer. Ambion 

MEGAscript T7 in vitro transcription kit (ThermoFisher Scientific cat #: AM1333) was 

used to prepare the dsRNA following the manufacturer´s protocol. The dsRNA was 

purified by phenol-chloroform extraction and isopropanol precipitation. For the RNAi 

soaks, each tube contained 2µl of 5x soaking buffer (1.25x M9 buffer (Mg+2 free), 15 

mM spermidine, 0.25% gelatine, stored at -20°C), and 8µl of 500-1000ng/µl purified 

dsRNA. 0.5µl of M9 buffer (22mM KH2PO4, 42 mM Na2HPO4, 85.5 mM NaCl, 1 mM 

MgSO4) containing arrested L1 animals was added to each individual tube. Arrested L1s 

were obtained by bleaching 1-2 plates of adult hermaphrodites using a 20% hypochlorite 

solution (final conc. 250 mM NaOH, 20% commercial bleach (Clorox), H2O) followed 

by 2-3 washes in M9 buffer. After the last wash, the 1.7ml Eppendorf tube containing the 

eggs and M9 buffer was left rocking gently overnight at room temperature. The next day, 

the eggs hatch in solution but arrest at the first larval stage (L1). In the lin-41 RNAi, L4 

animals were placed in the dsRNA instead of L1s. These L4s were hand-picked into the 
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tube from a plate containing a developmentally synchronous population. This population 

was obtained by bleaching 1-2 plates of adult hermaphrodites, washing them with M9 

buffer 2-3 times, and then place the eggs on the OP50-seeded NGM plates. The control 

tube contained 2µl of soaking buffer and 8µl of nuclease-free water. The soaked animals 

were incubated at 20˚C or 25˚C for 24 hours in the thermocycler. 20˚C incubation 

temperature was used for the DG4269 ((tn1753[gfp::3xflag::mex-3]) strain while the 

25˚C temperature was used for the WRM24 (sprSi17 [mex-5p::MODC 

PEST::GFP::H2B::mex-3 3´UTR + Cbr-unc-119(+)] II) strain. After 24 hours, animals 

were placed on NGM plates seeded with E. coli OP50 and placed in the incubator. Once 

the animals reached adulthood, they were mounted on a 2% agarose pad on microscope 

slides, treated with 1mM levamisole to paralyze the animals, covered with a cover glass, 

then imaged.  

 

Fluorescence microscopy and image quantification 

All the imaging was done using a Zeiss Axioskop 2 plus microscope. Images were 

taken with a 40x oil immersion objective. ImageJ version 1.49 was used to quantify the 

images of the fluorescent animals from the RNAi experiments in the DG4269 and 

WRM24 strains. For each animal, a line (width = 30 pixels) was drawn starting from the 

distal tip of the germline spanning the entire germline to the last oocyte or close to the 

spermatheca. The fluorescence intensity was measured for each pixel in the line and then 

binned (total number = 20 bins for the DG4269 animals, 10 bins for the WRM24 
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animals). The fluorescence intensity from each animal was averaged across each bin. 

GraphPad Prism 7.04 was used to graph the mean fluorescence intensity for all the 

animals.  

A two tailed student t-test was used to compare the mean fluorescence intensities. 

For RNAi conditions that were compared to the same control data, an unstacked one-way 

ANOVA was used to assess the overall significance. Post-hoc pairwise p-values were 

calculated using Fisher’s LSD test then corrected for multiple hypotheses using a 

Bonferroni adjustment by multiplying the p-values by the number of hypotheses tested. A 

two-tailed student t-test was used to compare the ratios of the control and treated animals. 

 

Poly(A) tail assay and data analysis 

N2, mex-3(spr9), mex-3(spr5), and mex-3(spr10) animals were collected and 

washed in M9 buffer 6 times then frozen in trizol and stored at -80˚C. Total RNA was 

isolated from these animals using phenol-chloroform and isopropanol precipitation. For 

the control samples, two DNA duplexes were synthesized and cloned into a plasmid 

(pUC-GW-Kan) by Genewiz using their PriorityGene service. The plasmid was digested 

and then a second EarI restriction site was added to the duplex using PCR. After 

amplification and PCR purification, the two oligos were digested with EarI to allow the 

polyA tail to be at the very end of the sequence. The two oligos were then used as a 

template for in vitro transcription reactions. Both oligos contained the same region of the 

mex-3 3´UTR and a stretch of either 25 adenosine (ctrl 25) or 50 adenosines (ctrl 50) at 
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the 3´ end. A poly(A) tail assay kit (ThermoFisher Scientific cat #: 764551KT) was used 

following the protocol outlined by the manufacturer. For the tail-specific primer set, a 

universal reverse primer provided in the kit was used for all the strains. For N2, 

mex-3(spr5), and mex-3(spr10), the forward primer 5´-

CTACGCACAACTAACGGAGA-3´ was used. For mex-3(spr9), the forward 

primer 5´-GCTGTGGATCCATTCATCATTCC-3´ was used. The PCR products 

were purified using a Zymo Research DNA clean and concentrator kit (cat #: 

D4034). The PCR products were used for amplicon sequencing using Genewiz. 

Amplicon sequencing entails addition of barcoded adaptors to both ends of the 

DNA duplex followed by Illumina high throughput sequencing. Duplicate reads 

were removed from each library. For each fastq file, a bash script was used to 

count the longest A run and longest T run per read allowing a maximum of 2 non-

consecutive mismatches in the polyA or polyT tract. For each sequence, the 

difference in length between the polyA and polyT tract in the forward and reverse 

reads was calculated. Two lists were then made; a TA match list for sequences 

where the length of the polyT is higher than the polyA and an AT match list for 

sequences where the length of the polyA is higher than the polyT. A blast search 

was performed to keep only the reads that correspond to the mex-3 3´UTR by 

searching for those that contain a small region at the end of the 3´UTR that is 

shared by all strains and controls (ttggtgtatgtgaatgaagcgattcg). Lastly, the resulting 

reads from the blast search were compared to the AT and TA match lists and only 
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reads that were found in both lists were kept and analyzed. For each read, only the 

longest tail value, whether polyA or polyT, was used for downstream analysis.  

The values of the poly(A) tail length for each strain and the two control 

duplexes were plotted using MATLAB R2021a. The poly(A) tail length values 

were plotted for each mutant strain and compared to the poly(A) tail length 

distribution in the N2 strain. A nonparametric Kolmogorov Smirnov test was 

performed to compare the distribution between each mutant and the wild type N2 

strain.  

 

TOPO cloning  

For TOPO cloning, the PCR products were cloned into a pCR4-TOPO TA vector 

using a TOPO TA Cloning kit (ThermoFisher Scientific cat #: K4575J10) following the 

manufacturer’s protocol. Plasmids containing the insert were analyzed using 

Sanger sequencing. 
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RESULTS 

GLD-2 promotes MEX-3 expression in the distal mitotic end through its 3´UTR 

while GLD-3 contributes to repression of MEX-3 expression in the meiotic 

pachytene region 

GLD-2 is the major cytoplasmic poly(A) polymerase in C. elegans germline 

(Figure 4.1C) (Nousch et al., 2017; Wang et al., 2002). To determine whether 

cytoplasmic polyadenylation contributes to regulation of MEX-3 expression, we used 

RNAi to knockdown gld-2 in a strain where MEX-3 is endogenously tagged with GFP 

(GFP::MEX-3) (Figure 4.1A). Knockdown of gld-2 resulted in defective oogenesis 

which prevented formation of normal oocytes. Knockdown of gld-2 resulted in decreased 

GFP::MEX-3 in the distal mitotic end (Figure 4.1D, F). These results demonstrate that 

GLD-2 promotes expression of MEX-3 in the distal mitotic end. To determine whether 

this regulation is 3´UTR-mediated, we repeated the RNAi in the mex-3 3´UTR transgenic 

reporter strain (mex-5p::MODC PEST::GFP::H2B::mex-3 3´UTR). Knockdown of gld-2 

resulted in decreased transgenic reporter expression in the distal mitotic end (Figure 

4.1E, G). We conclude that GLD-2 promotes positive regulation of MEX-3 in the distal 

mitotic end. GLD-2 likely binds an RNA-binding protein in order to bind the 3´UTR of 

mex-3 to further polyadenylate mex-3 mRNAs and lead to increased stability.   

GLD-3 is a bicaudal C KH-domain containing RNA-binding protein (Eckmann et 

al., 2002) (Figure 4.1C). GLD-3 is one of two proteins that have been shown to bind 

GLD-2 to enable GLD-2-mediated polyadenylation (Eckmann et al., 2004). We 
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hypothesized that if GLD-3 binds GLD-2 to regulate expression of MEX-3, knockdown 

of gld-3 would give a phenotype similar to that caused by gld-2 knockdown. To 

determine whether GLD-3 may be utilized by GLD-2, we used RNAi to knockdown gld-

3 in the GFP::MEX-3 strain. Knockdown of gld-3 resulted in germline defects (Figure 

4.1H, J). As a result of the gld-3 knockdown, spermatogenesis was defective. Therefore, 

the oocytes accumulated in the proximal end of the germline due to the absence of 

functional sperm ready to fertilize the oocytes. Surprisingly, knockdown of gld-3 did not 

result in decreased GFP-MEX-3 expression in the distal mitotic end (Figure 4.1H, J). 

Instead, knockdown of gld-3 resulted in increased GFP::MEX-3 expression in the meiotic 

pachytene region. These results suggest that GLD-2 may not use GLD-3 to regulate 

expression of mex-3. Moreover, these results suggest that GLD-3 may have a GLD-2-

independent role where it is involved in negative regulation of MEX-3 in the meiotic 

pachytene region. To determine whether this regulation is 3´UTR-mediated, we repeated 

the RNAi in the mex-3 3´UTR transgenic reporter strain (mex-5p::MODC 

PEST::GFP::H2B::mex-3 3´UTR) (Figure 4.1B). Knockdown of gld-3 did not alter 

transgenic reporter expression, suggesting that GLD-3’s effect on MEX-3 is not 3´UTR-

mediated (Figure 4.1I, K). Knockdown of gld-4 or rnp-8 did not alter expression of 

GFP::MEX-3. We conclude that GLD-2 promotes positive regulation of MEX-3 in the 

distal mitotic end. GLD-2 likely binds an RNA-binding protein other than GLD-3 or 

RNP-8 in order to bind the 3´UTR of mex-3. GLD-3 indirectly regulates repression of 

MEX-3 in the meiotic pachytene region. Previous studies have shown that GLD-2 and 

GLD-3 form a complex to polyadenylate gld-1 mRNA and promote its expression in the 
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meiotic region (Suh et al., 2006). It is possible that knockdown of gld-3 resulted in 

decreased expression of GLD-1 in the meiotic region, leading to increased MEX-3 

expression. These hypotheses remain to be tested. 
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Figure 4.1: The cytoplasmic poly(A) polymerase GLD-2 promotes expression of 

MEX-3 in the distal mitotic end through its 3´UTR while GLD-3 mediates 

repression of MEX-3 in the meiotic pachytene region. A) Control RNAi in the 

GFP::MEX-3 strain. MEX-3 is expressed in the distal mitotic end and the oogenic region 

but absent in the meiotic pachytene and loop regions. B) Control RNAi in the mex-3 

3´UTR transgenic reporter strain. The transgene is expressed in the distal mitotic end and 

the oogenic region but absent in the meiotic pachytene and loop regions. C) Schematic 

representing the relationship between GLD-2 and GLD-3. GLD-2 can bind GLD-3 or 

RNP-8 in order to bind and influence its mRNA targets. GLD-3 exhibits functions 

independent of its role with GLD-2. D) Knockdown of gld-2 results in decreased 

GFP::MEX-3 expression in the distal mitotic end (n=15/15). E) Knockdown of gld-2 

results in decreased transgene expression in the distal mitotic end (n=14/14). F) 

Quantification of the GFP::MEX-3 expression throughout the germline in gld-2 RNAi. 

G) Quantification of the transgene fluorescence in gld-2 RNAi. H) Knockdown of gld-3 

results in reduced GFP::MEX-3 expression in the meiotic pachytene region (n=7/12). I) 

Knockdown of gld-3 does not affect transgene expression in the meiotic pachytene region 

(n=10/10). J) Quantification of fluorescence intensity of GFP::MEX-3 after gld-3 

knockdown. K) Quantification of fluorescence intensity of transgene after gld-3 

knockdown. All images taken at 40x magnification. Scale bar = 30 µm 
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CCF-1 mediates repression of MEX-3 expression in the distal mitotic end while 

NTL-1 confers a positive regulatory effect on MEX-3 in the meiotic pachytene 

region. 

CCF-1 is the major deadenylase in C. elegans germline (Nousch et al., 2013). To 

determine whether deadenylation contributes to regulation of MEX-3 expression, we 

used RNAi to knock down ccf-1 in the GFP::MEX-3 strain. Knockdown of ccf-1 resulted 

in defective oogenesis which prevented formation of normal oocytes. Knockdown of ccf-

1 resulted in increased GFP::MEX-3 in the distal mitotic end (Figure 4.2D, F). These 

results demonstrate that CCF-1 negatively regulates expression of MEX-3 in the distal 

mitotic end. To determine whether this regulation is 3´UTR-mediated, we repeated the 

RNAi in the mex-3 3´UTR transgenic reporter strain (mex-5p::MODC 

PEST::GFP::H2B::mex-3 3´UTR). Knockdown of ccf-1 did not alter the transgenic 

reporter expression in the distal mitotic end (Figure 4.2E, G). These results suggest that 

CCF-1 indirectly mediates repression of MEX-3 in that region. NTL-1 is another 

component of the de-adenylation complex (Figure 4.2C). NTL-1 is thought to function 

as a structural subunit in the CCF-1/CCR-4/NTL-1 complex. ntl-1 knockdown leads to 

reduced fertility and decreased poly(A) tail length (Nousch et al., 2013). We 

hypothesized that knockdown of ntl-1 would result in a phenotype similar to that we 

observed in ccf-1 knockdown. To determine whether NTL-1 is involved in regulation of 

MEX-3 expression, we used RNAi to knock down ntl-1 in the GFP::MEX-3. Knockdown 

of ntl-1 resulted in germline defects. Knockdown of ntl-1 resulted in increased GFP-

MEX-3 expression in the distal mitotic end (Figure 4.2H, J). To determine whether this 
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regulation is 3´UTR-mediated, we repeated the RNAi in the mex-3 3´UTR transgenic 

reporter strain (mex-5p::MODC PEST::GFP::H2B::mex-3 3´UTR). Interestingly, 

knockdown of ntl-1 resulted in decreased transgene expression in the distal mitotic end 

(Figure 4.2I, K). We conclude that NTL-1 contributes to negative regulation of MEX-3 

in the distal mitotic end but not through its UTR. NTl-1 may have an unknown function 

independent of its association of CCF-1. Knockdown of ccr-4 did not alter MEX-3’s 

expression pattern. Together, our data show that de-adenylation contributes to repression 

of mex-3 in the germline. It appears that CCF-1 promotes repression of mex-3 in the distal 

mitotic end.  
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Figure 4.2: The deadenylase CCF-1 mediates repression of MEX-3 in the distal 

mitotic end while NTL-1 exhibits opposing 3´UTR-mediated and non-3´UTR-

mediated effects on MEX-3 expression in the distal mitotic end. A) Control RNAi in 

the GFP::MEX-3 strain. MEX-3 is expressed in the distal mitotic end and the oogenic 

region but absent in the meiotic pachytene and loop regions. B) Control RNAi in the mex-

3 3´UTR transgenic reporter strain. The transgene is expressed in the distal mitotic end 

and the oogenic region but absent in the meiotic pachytene and loop regions. C) 

Schematic representing the proposed deadenylation complex consisting of CCF-1, NTL-

1, and CCR-4. D) Knockdown of ccf-1 results in increased GFP::MEX-3 expression in 

the distal mitotic end (n=15/15). E) Knockdown of ccf-1 does not affect transgene 

expression in the distal mitotic end (n=12/12). F) Quantification of the GFP::MEX-3 

expression throughout the germline in ccf-1 RNAi. G) Quantification of the transgene 

fluorescence after ccf-1 RNAi. H) Knockdown of ntl-1 results in increased GFP::MEX-3 

expression in the distal mitotic end (n=13/13). I) Knockdown of ntl-1 results in decreased 

transgene expression in the distal mitotic end (n=13/13). J) Quantification of 

fluorescence intensity of GFP::MEX-3 after ntl-1 knockdown. K) Quantification of 

fluorescence intensity of transgene after ntl-1 knockdown. All images were taken at 40x 

magnification. Scale bar = 30 µm 
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The 3´UTR mediates mex-3 mRNA poly(A) tail length  

To determine whether the 3´UTR deletions altered the poly(A) processing site, we 

performed a poly(A) tail assay followed by TOPO cloning. We found that the end of the 

mex-3 3´UTR was not altered in our mutants indicating that the deletions did not affect 

the poly(A) processing site (Table 4.1). They all appeared to use the most common 

processing site for mex-3. Next, we hypothesized that poly(A) tail length control mediates 

the expression pattern of mex-3. To determine whether deleting different regions of the 

3´UTR altered the poly(A) tail length of mex-3, we used the poly(A) Tail (PAT) assay 

followed by Illumina amplicon sequencing to determine the distribution of the poly(A) 

tail length of mex-3 (Figure 4.3A). To first determine the accuracy of the assay in 

determining poly(A) tail lengths, we designed and amplified two different control oligos. 

Each control contains a region of the mex-3 3´UTR followed by a specific number of 

adenosines (control A25, control A50). Analysis of the distribution of the A25 control 

showed a distribution with a mean of 26.7 adenosines. 96.6% of the data were within 5 

nucleotides of the expected median of 25 (Figure 4.3B). Analysis of the distribution of 

the A50 control gave a mean of 48.3. 85.5% of the data were within 10 nucleotides of 50 

(Figure 4.3C). These results demonstrate that our method is reliable in providing an 

accurate representation of the poly(A) tail length distribution of a polyadenylated oligo. 

These results are consistent with published controls used for high throughput assays that 

measure the poly(A) tail such as FLAM-seq (Legnini, Alles, Karaiskos, Ayoub, & 

Rajewsky, 2019). Next, we performed the assay in the wild type strain N2 and three of 

the mex-3 3´UTR deletion mutants (mex-3(spr9), mex-3(spr5), mex-3(spr10)). 
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Interestingly, the distribution of mex-3 poly(A) tail length in the mex-3(spr9) mutant 

exhibited a shift to the left towards shorter tail lengths (Figure 4.3D, F, K.S. test, 

p=4.24*10-31). This mutant removes majority of the 3´UTR (Figure 2.1). This indicates 

that the 3´UTR of mex-3 contributes to control of mex-3 poly(A) tail length. Consistently, 

we also observed reduced mex-3 mRNA expression in the RNA-seq analysis we 

performed on this mutant. It is likely that the shortened poly(A) tail length led to the 

reduced mRNA expression.  

We also observed a shift towards shorter poly(A) tails in the mex-3(spr5) mutant 

(Figure 4.3G, K.S. test, p = 0). This result indicates that the region deleted in the mex-3 

(spr5) mutant contributes to control of mex-3 poly(A) tail length (Figure 4.3G). 

Interestingly, mex-3 mRNA levels were not altered in this mutant. mex-3(spr10) also 

showed a significant change in the poly(A) tail length distribution compared to N2, thus 

indicating that the region deleted in this mutant contributes to mex-3 poly(A) tail length 

control (Figure 4.3H, K.S. test, p = 5.7*10-207). However, the shift towards shortened 

poly(A) tail length was modest compared to that observed in mex-3(spr9) or mex-3(spr5) 

mutant animals.  
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Table 4.1: Poly(A) processing site is not altered in the mex-3 3´UTR deletion 

mutants 

 

Strain 

3´UTR 

Processing site 

N2 684/687 

DG4269 685 

mex-3(spr5) 685/684 

mex-3(spr6) 685/684 

mex-3(spr7) 685/685 

mex-3(spr9) 685/685/687 

mex-3(spr10) 687/641 
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Figure 4.3: 3´UTR deletions alter poly(A) tail length of mex-3 mRNA. A) Workflow 

of the Poly(A) tail (PAT) assay. B) Distribution of poly(A) tail length of the A25 control. 

C) Distribution of poly(A) tail length of the A50 control. D) Box plot showing the raw 

poly(A) tail data for N2, mex-3(spr9), mex-3(spr5), and mex-3(spr10). E) Cumulative 

probability distribution plot of data from N2, mex-3(spr9), mex-3(spr5), and mex-

3(spr10). F) Distribution of the poly(A) tail length of mex-3 mRNA from mex-3(spr9) 

compared to N2. The distribution shifts to the left towards shorter poly(A) tails in the 

mutant compared to the wild type strain. G) Distribution of the poly(A) tail length of 

mex-3 mRNA from mex-3(spr5) compared to N2. The distribution shifts to the left 

towards shorter poly(A) tails in the mutant compared to the wild type strain. H) 

Distribution of the poly(A) tail length of mex-3 mRNA from mex-3(spr9) compared to 

N2.  
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The translation initiation factor IFE-3 negatively regulates expression of MEX-3 in 

the meiotic region.   

RNA-binding proteins bound to the 3´UTR can interact with components of the 

translational machinery such as initiation or elongation factors in order to inhibit or 

promote translation of an mRNA transcript. IFE-3 is one of five eIF4E translation 

initiation factor homologs in C. elegans (Keiper et al., 2000). IFE-3 appears to be the 

most critical for viability. To determine whether IFE-3 contributes to regulation of MEX-

3 expression, we used RNAi to knock down ife-3 in the GFP::MEX-3 strain. Knockdown 

of ife-3 resulted in defective oogenesis that led to sterility. Interestingly, knockdown of 

ife-3 resulted in increased GFP::MEX-3 in the meiotic region (Figure 4.4B,C). These 

results suggest that IFE-3 negatively regulates expression of MEX-3 in the meiotic 

region. We conclude that IFE-3 is involved, directly or indirectly, in negative regulation 

of MEX-3 expression in the meiotic region. RBPs bound to the 3´UTR of mex-3 in that 

region may interact with IFE-3 and repress translation initiation, therefore leading to 

repression of MEX-3’s expression in the meiotic region.  
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Figure 4.4: The translation initiation factor IFE-3 promotes repression of MEX-3 in 

the meiotic pachytene region. A) Control RNAi in the GFP::MEX-3 strain. MEX-3 is 

expressed in the distal mitotic end and the oogenic region but absent in the meiotic 

pachytene and loop regions. B) Knockdown of ife-3 results in increased GFP::MEX-3 

expression in the meiotic pachytene region (n=13/13). C) Quantification of the 

GFP::MEX-3 expression throughout the germline in ife-3 knockdown.  
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Discussion  

Our data show that poly(A) tail length control and the translation initiation factor 

IFE-3 contribute to regulation of MEX-3’s spatiotemporal expression pattern. In the 

distal mitotic end, gld-2 knockdown resulted in decreased GFP::MEX-3 and 3´UTR 

transgenic reporter expression (Figure 4.1D-G). These data suggest that GLD-2 is 

involved in positive regulation of MEX-3’s expression in that region. Neither knockdown 

of gld-3 nor rnp-8 altered MEX-3’s expression in that region (Figure 4.1H-K). Thus, it is 

likely that GLD-2 partners with a different RBP to polyadenylate mex-3 mRNA and 

promote its stabilization in that region. Interestingly, knockdown of gld-3 resulted in 

increased GFP::MEX-3 expression but not in the transgenic reporter in the meiotic 

pachytene region (Figure 4.1H-K). GLD-3 was previously shown to partner with GLD-2 

in this region to positively regulate expression of gld-1 (Suh et al., 2006). It is possible 

that knockdown of gld-3 led to decreased GLD-1 expression which led to increased 

MEX-3 expression since GLD-1 is a proposed negative regulator of MEX-3’s expression. 

In vivo targets of GLD-3 are unknown. GLD-3 may also partner with GLD-2 to promote 

expression of a different RBP other than GLD-1 that negatively regulates expression of 

MEX-3 in the meiotic pachytene region. Determining the binding specificity of GLD-3 

will enable predicting potential targets that act on MEX-3 through its 3´UTR.  

In the distal mitotic end where MEX-3 is normally expressed in wild type 

animals, knockdown of ccf-1 resulted in a significant increase in GFP::MEX-3 but not the 

3´UTR transgenic reporter (Figure 4.2D-G). It is possible that CCF-1 negatively 
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regulates expression of a factor that positively regulates MEX-3 expression in the distal 

mitotic end. Identifying CCF-1 targets may inform us of potential RBPs that directly act 

on mex-3’s mRNA and regulate its stability and expression in the mitotic germ cell. 

Knockdown of daz-1 also resulted in increased GFP::MEX-3 expression in the distal 

mitotic end (Figure 3.4). However, daz-1 knockdown did not show a similar phenotype 

in the mex-3 3´UTR transgenic reporter strain. Although MEX-3 is already expressed in 

mitotic germ cells at low levels, it appears that there are mechanisms that fine tune MEX-

3’s expression in that region. It is unknown whether increased MEX-3 expression affects 

gene expression in mitotic germ cell. Even if increased MEX-3 expression results in 

altered expression of its targets, the overall expression of these genes in that region may 

not appear significant. It is common for multiple RNA-binding proteins to target the same 

3´UTR. NTL-1 does not have a catalytic activity, but is thought to stabilize CCF-1 

(Nousch et al., 2013). Knockdown of ntl-1 also has stronger phenotypes than ccr-4, the 

other catalytic subunit in the de-adenylase complex. Knockdown of ntl-1 resulted in 

increased GFP::MEX-3 expression (Figure 4.2H-I). Further confirmation of this result 

may be necessary given that the effect was only statistically significant for the first bin in 

the distal mitotic end. Previous studies showed that knockdown of ntl-1 results in a small 

reduction in CCF-1’s protein levels (Nousch et al., 2013). Therefore, it is likely that 

knockdown of ntl-1 resulted in reduced CCF-1 expression which may have led to the 

increased GFP::MEX-3 expression in the distal mitotic end. Additionally, knockdown of 

ntl-1 does not alter CCR-4’s protein levels either. Intriguingly, ntl-1 knockdown resulted 

in decreased mex-3 3´UTR transgenic reporter expression in the mitotic germ cell 
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(Figure 4.2J-K). Because late oogenesis is defective in these RNAi conditions and the 

animals are incapable of making normal oocytes, we were not able to conclude whether 

poly(A) tail length control contributes to oocyte formation and maturation. However, 

previous studies have shown that GLD-2 and its partners GLD-3 and RNP-8 appear to 

associate with LIN-41 and OMA-1/2 (Tsukamoto et al., 2017). It is possible that these 

components regulate expression of mex-3 in the proximal end of the germline.  

Consistent with our RNAi results which suggest that poly(A) tail length control 

contributes to regulating the expression pattern of MEX-3, our investigation of the 

poly(A) tail length of mex-3 in our mex-3 3´UTR deletion mutants showed a significant 

change in poly(A) tail length distribution (Figure 4.3). The mutant containing the largest 

3´UTR deletion exhibited a shift in mex-3 poly(A) tail distribution towards shorter tails, 

which is consistent with the reduced mex-3 mRNA levels observed in the RNA-seq 

analysis. Together, mex-3 mRNA expression was reduced, and mex-3 poly(A) tail length 

was shortened. Yet, the protein expression was significantly increased throughout the 

germline in this mutant. In mex-3(spr9) mutant animals, only 65bp of the 3´UTR are 

retained (first 27bp and last 38bp). It is possible that this region contains elements that 

mediate positive regulation of mex-3 expression at the translational level by possibly 

interacting with the translational machinery. This hypothesis may explain the increased 

MEX-3 expression throughout the germline. Additionally, the absence of the rest of the 

3´UTR (26-651bp) in this mutant may have resulted in preventing polyadenylation 

complexes from binding the 3´UTR, therefore leading to the shortened poly(A) tail 

length.  
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The distribution of mex-3 poly(A) tail length also shifted towards shorter tails in 

the mex-3(spr5) mutant, but mex-3 mRNA levels were not altered in this mutant. It is 

possible that the 3´UTR region retained in the spr5 allele but deleted in the spr9 allele 

contributes to keeping mex-3 mRNA levels at wild type level in the mex-3(spr5) mutant. 

It is possible that the region retained contains elements that mediate translational 

stabilization of the transcript. Though subtle, the distribution of the poly(A) tail also 

appeared to shift in the mex-3(spr10) mutant towards shorter tails as well. Similarly, mex-

3 mRNA levels were not altered in this mutant. Together, our data demonstrate that 

poly(A) tail length control plays a role in mediating expression of mex-3 in the germline 

through its 3´UTR. Our data show that GLD-2 directly mediates positive regulation of 

mex-3 expression in the distal mitotic end while CCF-1 indirectly mediates negative 

regulation of mex-3 expression in that region. 

Knockdown of ife-3 resulted in increased GFP::MEX-3 expression in the meiotic 

pachytene region (Figure 4.4). IFE-3 could be acting directly on mex-3 by negatively 

regulating its translational efficiency. IFE-3 might also be involved in negative regulation 

indirectly. It has been shown by others that knockdown of ife-3 reduces translational 

efficiency of gld-1 (Huggins et al., 2020). Therefore, it is possible that knockdown of ife-

3 reduced GLD-1 levels in the meiotic region, leading to de-repression of MEX-3 in the 

meiotic pachytene region. However, the extent to which MEX-3 was derepressed as a 

result of ife-3 knockdown was lesser than that resulting from gld-1 knockdown, 

suggesting other pathways through which IFE-3 may regulate expression of mex-3 in the 

meiotic pachytene region.  
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Taken together, we have used RNAi and a poly(A) tail assay to show that both 

poly(A) tail length control and translation initiation contribute to control of MEX-3’s 

expression pattern in the germline. We have shown that knockdown of components of the 

polyadenylation (Figure 4.1) and deadenylation (Figure 4.2) complexes alter MEX-3’s 

expression pattern, directly and indirectly. We have also shown that deleting majority of 

the 3´UTR alters mex-3 mRNA poly(A) tail length distribution suggesting a role for the 

3´UTR in mediating poly(A) tail length (Figure 4.3). Finally, we have shown that 

translation initiation may also play a role in repressing expression of MEX-3 in the 

meiotic pachytene region (Figure 4.4). 
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Concluding remarks 

In the field of maternal RNA regulation in C. elegans, the past few decades have 

established the importance of the 3´UTR and RNA-binding protein-mediated control of 

gene expression to germline and early embryo development. Much of what we know is 

the culmination of utilizing a combination of molecular genetic tools and biochemical 

assays to determine importance of RBPs function and how they regulate gene expression 

and development. Molecular and phenotypic analyses of numerous mutants of several 

germline RBP genes demonstrated the importance of these genes to germline 

development and animal viability. Structure-function studies provided us with invaluable 

insights into how some of these RBPs recognize and bind their targets mRNAs. 

Transgenic reporter strains enabled dissection of the 3´UTR to identify specific 

regulatory elements that mediate repression or activation of expression and understanding 

RBP-UTR interaction dynamics. CLIP-based studies enabled characterization of the in 

vivo binding specificity of germline RBPs and identified hundreds of transcripts to which 

two germline RBPs (GLD-1, FBF-1) bind. However, it remains unknown whether 

germline 3´UTRs are important in vivo. Do the animals care if the 3´UTR of any of these 

genes including those encoding RBPs are completely removed from the endogenous 

locus? Does the spatiotemporal expression pattern of the resulting mRNAs and proteins 

change as a result? Are all predicted binding motifs, whether determined using in vivo or 

in vitro studies, functional in vivo and equally important to gene expression and function? 

What determines functionality of one motif but not the other? What factors dictate the 

importance of one binding event over another in a specific region in the germline? All 
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these questions are very important. Answering them will help us better understand RBP-

UTR binding dynamics in vivo and how they orchestrate proper gametogenesis and 

embryogenesis in C. elegans. In our study, we attempt to address the importance of the 

3´UTR to in vivo expression pattern and function. We use the 3´UTR of an essential and 

well-studied germline RNA-binding protein mex-3 to tackle some of the questions above. 

CRISPR/Cas9 mutagenesis has proven to be revolutionary to almost all fields of 

biomedical science. The ability to create precise and specific mutations almost anywhere 

in the genome of an organism opened doors to addressing questions that were previously 

impossible to answer due to the limitations of the existing methods. It is time to apply 

this powerful method to begin answering standing questions as well as challenging 

current hypotheses and assumptions that we have in the field of maternal mRNA 

regulation in C. elegans. This method has been used to answer questions regarding 

microRNA binding and function in C. elegans (Theil et al., 2019). As far as we know, this 

method has not been applied to target the endogenous loci of germline RBPs with the 

goal of determining the importance of the 3´UTR and its cis-regulatory elements, other 

than microRNA binding sites, to expression pattern and function. Intriguingly, our 

findings showed that almost an entire germline 3´UTR of an essential RBP can be 

removed from the endogenous locus and the animals would still be viable and fertile. 

Determining whether 3´UTR-mediated regulation becomes more significant during 

stressful conditions is an important question that necessitates exploration. Our data 

demonstrated that GLD-1, LIN-41, and OMA-1/2 regulate mex-3’s expression pattern 

through its 3´UTR. Future studies can delineate which exact putative motifs in the 3´UTR 
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are utilized by each RBP in different regions of the germline. First, the in vivo binding 

specificity of LIN-41, OMA-1, and MEX-3 needs to be determined using CLIP-based 

studies. Once the in vivo binding specificity is characterized and compared to the known 

consensus binding motifs, we can confirm whether the UTR of mex-3 contains binding 

motifs for LIN-41 and OMA-1 and determine how many of the motifs are found in the 

mex-3 UTR. Then, mutants in which all binding motifs for an individual RBP are deleted 

in the GFP::MEX-3 strain can be made using CRISPR/Ca9. Phenotypic and molecular 

analysis of these mutants will allow us to determine which motifs are functional in vivo 

and which motifs are important to MEX-3’s expression pattern. Since the 3’UTR may 

contain binding motifs for other unknown RBPs, RNA-centric pull downs of biotinylated 

mex-3 mRNA can be performed and followed by mass spectrometry to identify the 

proteins that bind to mex-3 3’UTR or mex-3 mRNA in general. The list of proteins will 

likely contain novel RNA-binding proteins. The binding specificity of these RBPs can be 

further studied. It will also be necessary to knock down these RBPs in the GFP::MEX-3 

strain to determine if their knockdown affects MEX-3’s expression. It will also be 

informative and interesting to determine the binding specificity of DAZ-1 and its in vivo 

targets. Determining targets of DAZ-1 will provide us with a list of candidate proteins 

some of which may act directly on the 3’UTR of mex-3.  

In addition to tackling questions about mechanism and binding specificity, it is 

also important to understand the function of MEX-3 in the germline. It is fascinating that 

MEX-3 can be overexpressed throughout the germline and yet the animals remain viable 

and fertile. To determine whether the function of MEX-3 becomes more critical during 



 152 

stress conditions, the three phenotypic mutants (mex-3(spr9), mex-3(spr5), mex-3(spr10)) 

can be grown at 25ºC or 26ºC for multiple generations followed by assessment of fertility 

and embryonic viability. Additional stress conditions can include exposure to pathogens. 

Determining all targets of MEX-3 in vivo will enable us to determine how overexpression 

of MEX-3 affects its target genes.  

These approaches can also be used to understand the importance of the 3’UTR of 

other germline genes in vivo such as glp-1, gld-1, oma-1, etc. Which 3’UTRs are essential 

for germline development and viability when deleted in the endogenous locus? Which 

motifs are required for expression pattern and function? How does de-regulation of 

expression pattern affect germline development? These are all important questions that 

have yet to be addressed and explored.   
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Appendix A: List of strains 

The following strains were made as part of an earlier project investigating the 

3’UTR of set-6 and ets-4. I made several transgenic reporter strains containing 3’UTR 

deletions using MosSCI and a few 3’UTR deletion mutants using CRISPR/Cas9.  

These data are not published.  

strain genotype  description 
WRM34 sprSi21 [mex-5p::MODC 

PEST::GFP::H2B::set-6(1-30bpdel) 
3'UTR + Cbr-unc-119(+)] II 

Homozygous viable and fertile 

WRM35 sprSi19 [mex-5p::MODC 
PEST::GFP::H2B::set-6(61-90del) 3'UTR 

+ Cbr-unc-119(+)] II 

Homozygous viable and fertile 

WRM36 sprSi19 [mex-5p::MODC 
PEST::GFP::H2B::set-6(151-180del) 

3'UTR + Cbr-unc-119(+)] II 

Homozygous viable and fertile 

WRM66 sprSi19 [mex-5p::MODC 
PEST::GFP::H2B::set-6(181-220del) 

3'UTR + Cbr-unc-119(+)] II 

Homozygous viable and fertile 

WRM37 sprSi19 [mex-5p::MODC 
PEST::GFP::H2B::set-6(211-240del) 

3'UTR + Cbr-unc-119(+)] II 

Homozygous viable and fertile 

WRM38 sprSi19 [mex-5p::MODC 
PEST::GFP::H2B::set-6(242-287del) 

3'UTR + Cbr-unc-119(+)] II 

Homozygous viable and fertile 

WRM39 sprSi13 [mex-5p::MODC 
PEST::GFP::H2B::ets-4(225-250del) 

3'UTR + Cbr-unc-119(+)] II 

Homozygous viable and fertile 

WRM40 ets-4(spr2) 400bp 3´UTR deletion + 6bp 
insertion. Homozygous viable 
and fertile 

WRM41 set-6(spr3) 209bp 3´UTR deletion + 
318bp downstream deletion.  
Homozygous viable and fertile 

WRM42 set-6(spr4) 121bp 3´UTR deletion + 92bp 
downstream deletion.  
Homozygous viable and fertile 
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