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ABSTRACT 

 Caenorhabditis elegans vulva development primarily requires interactions 

between Ras and Notch signaling pathways.  Three vulval precursor cells (VPCs), P5.p, P6.p and 

P7.p are patterned by an epidermal growth factor (EGF) mediated ‘inductive’ signal and a LIN-

12/Notch-mediated ‘lateral’ signal.  The inductive signal activates the Ras–MAPK pathway in 

P6.p which induces 1° cell fate.  The subsequent expression of Notch ligands in P6.p induces the 

2° cell fate in the adjacent P5.p and P7.p cells by activating the LIN-12/Notch pathway in these 

cells.  For proper vulval cell fate patterning, Ras inhibits Notch in the 1° cell, and Notch down-

regulates Ras in the 2° cells.  Excessive numbers of (or a lack of) 1° or 2° cells result in 

abnormal vulval phenotype.  We see that inactivation of the substrate recognition subunit (SRS) 

LRR-1, of the cullin-RING ubiquitin ligase 2 (CRL2) complex, results in a multivulva (Muv) 

phenotype (~1%).  We show that that LRR-1 functions in regulating vulval development by 

inhibiting Notch signaling via negatively regulating the transcription factor DAF-12. 

C. elegans germ cells proliferate in an adult stem cell niche.  In this study, we developed 

and utilized a primary tissue culture system that can maintain cultures of C. elegans germline 



stem cells to identify bacterial folates as a positive regulator of germ cell proliferation.  Folates 

are a family of B-complex vitamins.  Here we show that the folate 10-formyl-THF-Glu(n) and the 

folate precursor compound dihydropteroate stimulates germ cell proliferation, while the majority 

of bacterial folate species cannot.  The stimulation of germ cell proliferation by 10-formyl-THF-

Glu(n) does not correlate with its role as a vitamin, as other folates that cannot stimulate germ 

cells are more effective in rescuing folate deficiency.  Further, the folate-related compound 

dihydropteroate stimulates germ cell proliferation despite being incapable of participating in one-

carbon metabolism.  The folate receptor homolog FOLR-1 is required for the germ cell 

stimulatory activity, but is not essential for providing folates as vitamins.  This work defines a 

subset of bacterial folates as exogenous signals that modulates germ cell proliferation.  We also 

identify the steroid hormone dafachronic acid as a negative regulator of stem cell proliferation.  

INDEX WORDS:   C. elegans, vulva, LIN-12/Notch, LRR-1, DAF-12, germ stem cells, 

folates, FOLR-1, Dafachronic acid 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Organization of the dissertation 

Sydney Brenner introduced Caenorhabditis elegans as a model system to the genetics 

community more than 40 years ago (Brenner, 1974).  Since then, this roundworm has served as 

an invaluable tool to understand developmental biology, behavior, cell biology and physiological 

processes of metazoans (Wang and Sherwood, 2011).  In this dissertation I present my findings 

on factors that regulate two difference aspects of Caenorhabditis elegans development- the vulva 

and the germline.  In Chapter 1, I review the relevant literature needed to understand the 

signaling events and development of both these paradigms.  In the first section of this chapter, I 

highlight important literature on the following topics that are relevant for Chapter 2: ubiquitin 

mediated protein degradation, Cullin-Ring Ubiquitin Ligases and LRR-1 and C. elegans vulva 

development (and signaling events that regulate vulva development with special significance to 

the Notch signaling pathway).  Following that I present a review of the literature relevant for 

Chapter 3 and 4 and the topics include: the C. elegans germline (its organization and signals 

regulating the germline development), folates as well as steroid hormone signaling and 

dafachronic acid.  

 Chapter 2 describes the ubiquitin ligase CRL2LRR-1 as a negative regulator in Notch 

signaling in C. elegans vulva development.  Chapter 3 outlines a novel cell culture media that 

can maintain C. elegans germ stem cells and describes identification of novel bacterial folates 



 

 2 

that can stimulate germ stem cell proliferation in vivo and in vitro.  Chapter 4 describes 

dafachronic acid as a negative regulator in germ stem cell proliferation.  In Chapter 5, I discuss 

the implications, conclusions and future directions of the studies described in the dissertation. 

 

Ubiquitin mediated protein degradation 

Protein degradation plays a pivotal role in regulating protein homeostasis in diverse cellular 

processes.  Ubiquitin mediated protein degradation is the key mechanism that is utilized to 

degrade variety of substrate proteins in the cell (Ciechanover, 1994; Rock KL, 1994).  Ubiquitin 

(Ub) is a highly conserved 76 amino acid polypeptide, is found to express ubiquitously 

(Ciechanover, 1994), gets attached to proteins which the help of three enzymes (E1-E3) 

(Glickman and Ciechanover, 2002; Pickart, 2001).  A ubiquitin-activating enzyme (E1) binds to 

a Ub moiety with a help of hydrolysis of one ATP; the activated Ub gets transferred to an E2 

enzyme which is the ubiquitin-conjugating enzyme; the E2 brings the Ub to the substrate by 

binding to the E3 enzyme which is the ubiquitin-ligase, which is also responsible for binding the 

substrate protein (Kipreos, 2005b).  E2 can either directly transfer the Ub to the substrate or in 

certain cases when a HECT-domain E3 is involved, transfers it to the HECT-E3 which then adds 

the Ub to the substrate (Kipreos, 2005b).  A single Ub attached to a protein (monoubiquitination) 

can change its localization or function (Hicke, 2001), whereas attachment of multiple Ub 

moieties (poly-ubiquitination) are required to tag the protein for degradation, and can also alter 

function or localization (Pickart and Cohen, 2004).  Poly-ubiquitination is achieved by either 

multiple rounds of E2 interaction with the substrate and E3, or by a fourth enzyme E4, which is a 

ubiquitin chain assembly factor (Koegl et al., 1999).  A poly-ubiquitinated protein is targeted for 

degradation through the 26S proteasome (Pickart and Cohen, 2004).   
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Cullin-Ring Ubiquitin Ligases and LRR-1 

Cullin-RING ubiquitin ligases (CRLs) are the largest known class of E3s (Bosu and Kipreos, 

2008; Petroski and Deshaies, 2005).  In metazoa, there are five main types of Cullins, which are 

each capable of forming distinct CRL complexes: SCF complexes (CUL1 based) and CRL2-5 

complexes (CUL2-5 based), respectively.  CRLS complexes have a RING H2 finger protein, a 

substrate recognition subunit (SRS) and an adapter protein (except in CUL3) that helps the SRS 

attached to the complex (Bosu and Kipreos, 2008).  The CUL2 based complex (CRL2), which is 

the focus of this project, consists of four subunits: the cullin CUL2; the RING H2 finger protein 

Roc1/Rbx1; the adaptor Elongin C that is bound to Elongin B; and multiple SRSs that binds 

substrates (Bosu and Kipreos, 2008; Petroski and Deshaies, 2005).  

 LRR-1 is a leucine rich repeat protein, which was shown to be a substrate recognition 

subunit (SRS) for a C. elegans CRL2LRR-1 complex (Starostina et al., 2010).  The mammalian 

ortholog of LRR-1, LRR1, was also shown to interact with CUL2 as an SRS (Kamura et al., 

2004).  LRR-1 interacts with Elongin C (ELC-1), the adapter protein for the CRL2 complex.  

The lrr-1(tm3543) mutant is a recessive deletion null allele, which is predicted to generate a 

truncated LRR-1 protein lacking 66% of the C-terminal residues.  lrr-1 is an essential gene 

(Piano et al., 2002) and the null mutant has to be maintained as a heterozygote.  lrr-1 

homozygous progeny from lrr-1(tm3543) heterozygous parents, become sterile adults.  lrr-1 

homozygotes have a protruding vulva phenotype and only produce about 15 vulva cells 

compared to 22 in wild-type animals (Starostina et al., 2010).   

 

C. elegans vulva development 
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Overview of C. elegans vulva patterning 

The development of the hermaphrodite vulva involves a set of six equipotent vulval precursor 

cells (VPCs), P3.p-P8.p, and a gonadal anchor cell (AC) (Fig. 1.1A) (Sternberg, 2005).  The 

VPCs adopt a precise spatial pattern from anterior to posterior: 3°-3°-2°-1°-2°-3°.  This highly 

invariant pattern is established primarily by two signals: (1) An inductive signal from the AC 

acts in a graded fashion and prompts the VPC closest to it (P6.p) to adopt a 1° cell fate; and (2) a 

lateral signal from P6.p prompts the neighboring P5.p and P7.p cells to assume 2° fates.  The 

remaining VPCs, P3.p, P4.p and P8.p, assume non-vulval 3° fates (Sternberg, 2005) (Fig. 1.1B).  

Once the VPCs are specified, P5.p, P6.p, and P7.p undergo 3 rounds of division to produce the 

adult vulval tissue, which consists of 22 nuclei.  The 3° cells generate two daughter nuclei, which 

fuse with the large hypodermal synctium (hyp7) (Sternberg, 2005; Sternberg and Horvitz, 1989). 

 

Ras and Notch signaling patterns the developing vulva 

A combination of Ras and Notch signaling results in the invariant 2°-1°-2° pattern seen in the 

wild-type C. elegans vulva (Fig.1.1C).  The AC in the gonad is the key organizer of vulval 

development and morphogenesis.  The AC produces an epidermal growth factor (EGF)-like 

ligand LIN-3, which serves as the “inductive” signal to stimulate LET-23/EGFR and the Ras 

pathway in the VPC closest to it (P6.p) (Sternberg, 2005).  let-23 encodes a receptor tyrosine 

kinase that transduces the inductive signal into a downstream cascade involving the Ras–MAP 

kinase pathway.  LET-60 is the C. elegans Ras protein that activates LIN-45/Raf, which in turn 

activates MEK-2/MEK, which activates MPK-1/ERK (MAP kinase).  The inductive signal 

through the Ras pathway leads to changes in gene expression downstream of the MAP kinase 
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cascade resulting in P6.p adopting a 1° fate, but the precise mechanism of 1° fate specification is 

unknown (Sundaram, 2006).  

The lin-12 gene codes for a Notch transmembrane receptor (Yochem et al., 1988) that is 

activated by multiple Delta/Serrate/LAG-2 (DSL) ligands (Chen and Greenwald, 2004).  Notch 

signaling mediates cell-cell interaction during developmental processes in many organisms, 

including the C. elegans vulva development (Lai, 2004).  The DSL ligands involved in vulval 

development comprise LAG-2, APX-1 as well as the soluble, secreted ligand DSL-1, all of 

which play redundant roles during vulva development (Chen and Greenwald, 2004).   

LIN-12/Notch has two roles in vulva development.  LIN-12 first specifies the AC through 

interactions between two cells in the somatic gonad, Z1.ppp and Z4.aaa.  One of these cells 

becomes the future AC and the other becomes a vulval uterine (VU) cell through LIN-12 and 

LAG-2 mediated signaling (Greenwald, 2005).  Initially both the precursor cells express both lin-

12 and lag-2 transcripts; stochastic differences in the activity of LIN-12 between the two cells 

initiates a feedback mechanism, whereby LIN-12 activation by LAG-2 in the presumptive VU 

cell positively transcribes lin-12 and downregulates lag-2 transcription (Wilkinson et al., 1994).  

Loss-of-function mutations of lin-12 causes two ACs to be specified and gain-of-function 

mutations of lin-12 causes two VUs to form (Seydoux and Greenwald, 1989; Wilkinson et al., 

1994).   

In the VPCs, LIN-12/Notch promotes the 2° cell fate.  Upon receiving the inductive signal, 

P6.p transcribes the Notch/DSL ligands that activate LIN-12/Notch receptor in P5.p and P7.p 

(Chen and Greenwald, 2004).  A key step in this process is the endocytosis-mediated 

downregulation of the LIN-12 receptor in response to LET-23–Ras activation in P6.p to allow 

the DSL ligands to be active (Shaye and Greenwald, 2002).  In the P5.p and P7.p cells, which 
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receive the DSL signal, ligand binding by LIN-12 leads to γ-secretase mediated cleavage of the 

LIN-12 receptor and release of the Notch intracellular domain (NICD) (Kopan and Ilagan, 2009).  

NICD then travels to the nucleus where it associates with the CSL (CBF1/Su(H)/LAG-1) 

transcription factor LAG-1.  The hetero-complex of LIN-12 and LAG-1 drives the expression of 

various lateral signal target (lst) genes, which specify 2° cell fate (Berset et al., 2001; Kopan and 

Ilagan, 2009; Yoo et al., 2004).  However, the precise mechanism by which this fate is decided is 

still unknown.  The lst genes lip-1, ark-1, dpy-23 are also of Ras-MAPK inhibitor genes that help 

maintain 2° cell fate in P5.p and P7.p (Greenwald, 1997, 2005; Kimble and Simpson, 1997). 

Mutations in either the Ras–MAPK and LIN-12/Notch pathway are responsible for 

abnormal vulval phenotypes (Fig. 1.1D).  Mutations that decrease EGF–Ras–MAPK signaling 

(e.g., in lin-3, let-23, and let-60) gives rise to a Vulvaless (Vul) phenotype, as all cells become 3º 

(Aroian et al., 1990; Beitel et al., 1990; Han et al., 1990; Hill and Sternberg, 1992; Sternberg, 

2005).  In fertile Vul hermaphrodites, eggs hatch inside the mother and eventually escape after 

the death of the mother, caused by the hatched larvae eating the insides of the mother (Sternberg, 

2005).  Gain-of-function alleles of genes in the Ras pathway cause Multivulva (Muv) phenotype 

wherein additional VPCs assume the 1º fate (Beitel et al., 1990; Han and Sternberg, 1990; Hill 

and Sternberg, 1992; Katz et al., 1996).  lin-12 gain-of-function mutations cause additional VPCs 

to adopt the 2º fate causing a Muv phenotype, as well as a failure to specify an anchor cell.  

Conversely, lin-12 null alleles fail to exhibit 2º fate (Greenwald et al., 1983; Sternberg, 2005).   

 

Regulation of LIN-12/Notch activity  

 LIN-12/Notch needs to be cleaved and sorted before it can carry out signaling.  C. 

elegans has two Notch receptors (LIN-12 and GLP-1), Drosophila has one and humans have 
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four Notch paralogs (Chillakuri et al., 2012).   N terminal domains of all Notch proteins have a 

number of epidermal growth factor (EGF)-like repeats which mediate interaction with the ligand 

(Kopan and Ilagan, 2009).  The EGF-repeat region is followed by a negative regulatory region 

(NRR), which is composed of cysteine rich Lin12-Notch repeats (LNR) and a hetero-

dimerization domain (HD).  This region is close to the plasma membrane and is necessary for 

preventing activation of the Notch receptor in the absence of a ligand by hiding the S2 cleavage 

site from the ADAM metalloprotease (Chillakuri et al., 2012; Kopan and Ilagan, 2009; Sanchez-

Irizarry et al., 2004).  sup-17 codes for the C. elegans ADAM family protease (Greenwald, 1998).  

In mammals, TACE, a paralog of SUP-17, has been shown to cleave Notch in biochemical 

assays (Brou et al., 2000).  Next to the NRR region is a single transmembrane domain (TMD), 

followed by the Notch intracellular domain (NICD) (Chillakuri et al., 2012).  The S3 cleavage 

site lies within the TMD where γ-secretase cleaves and releases the NICD (Chillakuri et al., 

2012).  Presilin is thought to be a core component of the γ-secretase protease complex (Kopan 

and Goate, 2000).  sel-12 and hop-1 are two C. elegans presenilin genes that act redundantly to 

facilitate LIN-12/Notch signaling (Li and Greenwald, 1997; Westlund et al., 1999).   

 The newly synthesized Notch receptor has to travel from the endoplasmic reticulum (ER) 

to the Golgi, from where it matures and has to then reach the plasma membrane to be expressed 

as a cell-surface receptor (Andersson et al., 2011).  In C. elegans, two negative regulators of 

LIN-12/Notch are involved in making sure that only a mature receptor reaches the cell surface.  

sel-9 codes for a p24 like protein, and is hypothesized to prevent mis-folded LIN-12 and GLP-1 

proteins from reaching the Golgi (Wen and Greenwald, 1999).  sel-2 codes for the C. elegans 

homolog of two mammalian proteins Neaurobeachin and LRBA which are involved in 

endosomal trafficking of LIN-12/Notch in polarized epithelial cells such as the VPCs, that 
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ensures the proper delivery of LIN-12/Notch to the lysosomes and maintaining an appropriate 

steady-state level of protein on the cell surface (de Souza et al., 2007).  

 EGFR-Ras-MAPK-mediated downregulation of the LIN-12/Notch receptor in the 

presumptive 1º vulval cell is crucial for proper activation of lateral signaling (Shaye and 

Greenwald, 2002).  The intracellular region of the Notch receptor contains a downregulation 

target signal sequence or DTS, in which a di-leucine motif is responsible for proper endocytic 

trafficking of the Notch receptor and lysine residues near the DTS are required for its 

degradation (Shaye and Greenwald, 2002).  In C. elegans, the internalization of Notch receptor 

also requires phosphorylation of serine/threonine residues near the DTS.  This is contrast to what 

has been shown in Drosophila, which lacks a di-leucine motif and NEDD4 is required to 

ubiquitinate Notch receptor at a terminal PPXY site (Sakata et al., 2004).  Deletion of the DTS in 

LIN-12 results in mis-localization of the Notch receptor to the apical membrane of the vulva 

cells and a compromised lateral signaling (Shaye and Greenwald, 2002).   

 LIN-12/Notch is negatively regulated by sel-10, which was identified in a genetic screen 

for suppressors of lin-12 hypomorphs in C. elegans (Hubbard et al., 1997; Sundaram and 

Greenwald, 1993).  SEL-10 is a member of the F-Box/WD40 repeat containing protein that 

works in an SCF (CUL1-containing) complex and directly binds NICD (Hubbard et al., 1997).  

The Mammalian ortholog of SEL-10, Fbw7, has been shown to promote ubiquitin-mediated 

turnover of NICD after phosphorylation of the PEST domain (Gupta-Rossi et al., 2001; Oberg et 

al., 2001; Wu et al., 2001).  The cyclin dependent kinase CDK8 is responsible for hyper-

phosphorylating NICD in its C-terminal PEST domain, which then makes the phosphorylated 

NICD a target for ubiquitin-mediated degradation by Fbw7 through the proteasome (Fryer et al., 

2002; Fryer et al., 2004).  NICD degradation disassembles the Notch transcriptional complex 
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thereby quenching all downstream signals (Kopan and Ilagan, 2009; Weng et al., 2004).  This is 

an interesting mechanism to prevent unnecessary activation of Notch signaling, as continued 

Notch activity can be deleterious to the cell (Kopan and Ilagan, 2009).  It is therefore not 

surprising that mutations in the C-terminal domain that stabilize the NICD cause are found in 

cancerous tissues such as in T-cell acute lymphoblastic leukemia (T-ALL) in humans (Weng et 

al., 2004).   

 

The C. elegans germline 

Germline development and organization 

The germ line in C. elegans is specified from one primordial germ cell (PGC) called P4, which is 

segregated during embryogenesis.  The P4 is also called the “germline founder cell” as it 

eventually gives rise to all the germ cells in the body, and does not contribute to the soma 

(Hubbard and Greenstein, 2005; Kimble and Crittenden, 2005).  P4 divides in the embryo to give 

rise to Z2 and Z3 cells, which begin to divide in the mid-L1 larval stage under favorable growth 

conditions.  After an exponential increase in germ cell numbers through the L1 and L2 larval 

stages, the proximal germ cells enter meiosis.  This differentiates the germline into a distal 

region, which maintains a pool of proliferating mitotic cells, and a proximal region containing 

meiotic cells (Kimble and Crittenden, 2005).  The germline in C. elegans is syncytial with each 

nuclei enclosed partially by a plasma membrane allowing a common opening to the central 

cytoplasm called the rachis (Hirsh et al., 1976).  Each nucleus with its surrounding cytoplasm 

and membrane is referred to as a “germ cell”.  In spite of the germ cells being syncytial, the 

individual cells do not seem to communicate to each other, as they do not undergo synchronous 

cell divisions (Hubbard and Greenstein, 2005).  Having a germline syncytium poses challenges 
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to studying the biology of the germ stem cells, as experiments involving transplantation and 

repopulation, as well as lineage tracing of germ cells is difficult to perform (Hansen and Schedl, 

2013).   

The adult germline in the hermaphrodite is divided into two gonadal arms and the males 

have only one gonad arm (Kimble and White, 1981).  The proliferative cells are maintained in 

the distal region, which is also referred to as the mitotic or proliferative zone.  In an adult 

hermaphrodite (24 hrs post adulthood), this distance is measured to be about 20 cell diameters 

from the distal end, housing about 200-250 cells (Michaelson et al., 2010).  These cells are the 

mitotic stem cell population of the germline that self-renew and can differentiate into sperm and 

oocytes in an adult hermaphrodite (Eckmann et al., 2002; Hansen et al., 2004b; Kimble and 

Crittenden, 2005; Lamont et al., 2004).  As the cells leave the proliferative zone, they enter a 

transition zone, which has some mitotic and some meiotic cells, where the chromosomes start 

pairing, giving the cells a characteristic crescent-shape (Crittenden et al., 2006; Dernburg et al., 

1998; Francis et al., 1995).  This region is also called the “meiotic entry region” (Hansen et al., 

2004a).   Proximal to the transition zone, the germ cells go through meiotic prophase and 

differentiate to yield mature oocyte and sperm (Boag et al., 2005; Kimble and Crittenden, 2007; 

Kipreos, 2005a) (Fig 1.2).   

 

The stem cell niche and Notch signaling control germline proliferation 

Like stem cell populations in many organisms, the C. elegans germline stem cells are maintained 

within a niche specified by a single somatic gonadal cell called the distal tip cell (DTC), which 

maintains the proliferative pool of germ cells (Kimble and White, 1981).  A single DTC is 

present at the distal end of each gonad arm in the hermaphrodite.  Laser ablation of the DTCs 
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causes all germ cells to differentiate, whereas mis-location of DTC can cause ectopic germline 

proliferation (Kimble and White, 1981).  The DTC has elaborate cytoplasmic extensions (similar 

to cytonemes) that reach out over the proliferative zone and end before the meiotic zone begins 

(Byrd et al., 2014; Kimble and Seidel, 2013).  Proximity of the germ cell to the region defined by 

the DTC extensions determines whether they proliferative or differentiate; germ cells close to the 

DTC remain undifferentiated whereas those further away enter meiosis (Crittenden et al., 2006; 

Kimble and White, 1981; McGovern et al., 2009).   

GLP-1/Notch signaling in the DTC-defined niche maintains germ stem cell proliferation 

(Kimble and Crittenden, 2005).  GLP-1 is the Notch receptor, which is expressed on the surface 

of germ cells and is activated by the Notch ligand LAG-2, which is expressed in the DTC 

(Crittenden et al., 1994; Henderson et al., 1994; Nadarajan et al., 2009; Tax et al., 1994).  Upon 

activation, GLP-1/Notch initiates Notch signaling similar to what has been described in many 

organisms (Kopan and Ilagan, 2009).  The cleaved NICD of GLP-1 binds to the CSL DNA 

binding protein LAG-1 and its transcriptional partners LAG-3/SEL-8 and activates transcription 

(Christensen et al., 1996; Doyle et al., 2000; Petcherski and Kimble, 2000).  glp-1 loss-of-

function mutations as well as those that inhibit the Notch signaling, cause all germ cells to enter 

meiosis (Austin and Kimble, 1987; Doyle et al., 2000; Lambie and Kimble, 1991; Petcherski and 

Kimble, 2000).  Conversely, in glp-1 gain-of-function mutants, the proliferative zone extends 

throughout the gonad and animals display germline tumors (Berry et al., 1997).  GLP-1 activates 

the ERK/MAPK inhibitor lip-1 (Berset et al., 2001; Lee et al., 2006), which is required for 

germline proliferation; the RNA binding protein fbf-2 (Lamont et al., 2004) (discussed below); as 

well as lst-1 and sygl-1, which maintain the mitotic pool of germ cells (Kershner et al., 2014).  

lst-1 (lateral signal target) encodes a Nanos-like RNA binding protein, but unlike canonical 
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Nanos, only has one zinc-finger domain (Curtis et al., 1997; Kershner et al., 2014) whereas  sygl-

1 (synthetic glp) did not have any predicted domains, making both of them somewhat novel 

proteins that regulate germ stem cells (Kershner et al., 2014).  Both lst-1 and sygl-1 are 

expressed in response to GLP-1/Notch signaling and are required redundantly to maintain stem 

cell state (Kershner et al., 2014).  

Several RNA-binding proteins contribute to regulating the mitotic vs. meiotic fate of the 

germ cells.  The main contributors are GLD-1, GLD-2, GLD-3, FBF-1, FBF-2, and NOS-3 

(Kimble and Crittenden, 2005).  GLD-1 binds to the 3’ UTR of glp-1 mRNA and downregulates 

glp-1 translation in the cells entering meiosis; therefore glp-1 protein expression is restricted 

only to mitotic cells (Crittenden et al., 1994; Marin and Evans, 2003).  GLD-2 is a cytoplasmic 

poly-A polymerase (Wang et al., 2002) that works in a complex together with GLD -3, a 

Bicaudal C-related protein, to promote meiotic entry (Eckmann et al., 2004).  The FBF proteins 

belong to the PUF family of RNA binding proteins (Pumilo and FBF) (Wickens et al., 2002; 

Zhang et al., 1997) that are known to bind the 3’UTRs of the gld-1 and gld-3 mRNAs and 

repress their translation (Crittenden et al., 2002; Eckmann et al., 2004; Wickens et al., 2002).  

The 5’ UTR of fbf-2 possesses LAG-1 binding sites making it a direct transcriptional target of 

GLP-1/Notch signaling (Lamont et al., 2004).  FBF-1 and FBF-2 can repress each other, as the 

3’UTRs of both genes have FBF binding sites (Lamont et al., 2004).  Both FBF-1 and FBF-2 

have redundant but distinct roles in maintaining mitotic signature of the germ stem cells; loss of 

either FBF alone has no obvious effect on the germ stem cell identity, but removal of both FBF-1 

and FBF-2 causes all germ stem cells to enter meiosis and differentiate (Crittenden et al., 2002; 

Kimble and Seidel, 2013; Lamont et al., 2004).  NOS-3 is related to the Drosophila translational 
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regulator Nanos that indirectly activates GLD-1 to favor meiotic entry of germ cells (Hansen et 

al., 2004a; Kraemer et al., 1999).   

 

Nutritional signals regulate germline development  

Germline development in C. elegans is tightly linked to environmental signals and these are 

relayed by a variety of signaling pathways including Insulin/IGF signaling (IIS), AMPK, TGFβ, 

and TOR–S6K, as well as nuclear hormone pathways (Hubbard et al., 2013).  In the wild, C. 

elegans’ life cycle has a feast-or-famine quality, in which animals will feast on the bacteria in 

rotting fruit or stems when available, and then their progeny will wait for the next rotting fruit 

(Hubbard et al., 2013).  In the laboratory, C. elegans is fed a monoxenic diet of the B-type E. coli 

OP50 (MacNeil et al., 2013).  When food is plentiful, the proliferative zone in the germline 

develops rapidly in the L3 and L4 stages and reaches approximately 200 cells per gonad arm by 

the end of the L4 stage (Hansen et al., 2004a; Killian and Hubbard, 2005).  This rapid growth of 

the germ stem cell population under feasting conditions is relayed by IIS and its receptor daf-

2/Insulin-IGF-like receptor (IIR), which promotes larval germ cell cycle (Michaelson et al., 

2010).  Two prominent ligands ins-3 and ins-33 bind to the insulin receptor DAF-2 to inhibit the 

activity of the DAF-16/FOXO transcription factor via the canonical PI3K pathway (Michaelson 

et al., 2010).  TGFβ, on the other hand, has no effect on germ cell cycle control but works on the 

DTC to control germ cell proliferation in a non-cell autonomous manner (Dalfo et al., 2012).  

The TGFβ ligand (DAF-7) is expressed in sensory neurons, and binds to its receptor (DAF-1) 

that is expressed in the DTC.  TGFβ signaling in the DTC inhibits the activity of the Co-

Smad/Sno-Ski (DAF-3/DAF-5), thereby promoting germ cell proliferation (Dalfo et al., 2012). 
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Food deprivation severely impairs the ability of the C. elegans germline to accumulate 

germline progenitor cells in the larval stages (Korta et al., 2012).  TOR (Target of Rapamycin) is 

a serine/threonine kinase that is known to incorporate cues from food availability and control cell 

division; TOR function is conserved from yeast to mammals (Hubbard et al., 2013).  Under 

nutrient rich conditions, TOR and its signaling partners RAPTOR (regulatory associated protein 

of TOR) and S6K (p70 ribosomal S6 kinase) function in a germ cell autonomous fashion to 

maintain the pool of germline progenitor cells by promoting larval germ cell proliferation and 

inhibiting differentiation (Korta et al., 2012).  Bacterial deprivation (i.e., food deprivation) 

severely reduces the number of germline progenitor cells; loss of the TOR or RAPTOR homolog 

causes a similar loss of germline progenitor cells, a mechanism that is dependent on the SK6 

homolog (Korta et al., 2012).  The TOR pathway was shown to work independently of GLP-

1/Notch signaling to maintain the proliferative germ cell pool (Hubbard et al., 2013).     

 

Folates 

Folates and one carbon metabolism 

Folates are a class of closely related B-group vitamins that are synthesized by bacteria, plants, 

fungi, protozoa, and archae (Rossi et al., 2011).  Folates are required in the one-carbon 

metabolism cycle in every living organism to produce nucleosides, several amino acids, and the 

methyl donor S-adenosyl methionine (Selhub, 2002).  Folates are composed of a pteridine ring, 

para-aminobenzoic acid (PABA), and one or more glutamate residues (Nazki et al., 2014).  

Animals cannot synthesize folates (Brzezinska et al., 2000) and therefore must acquire them 

either through their diet or microbiota.  Folate deficiency causes improper functioning of the 

one-carbon metabolism pathway leading to developmental abnormalities such as failure to close 
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the neural tube, and pathologies that include cancer and cardiovascular diseases (Stover, 2004).  

The United States, Canada, and Chile mandated fortification of grains and cereals with the 

synthetic folate folic acid in 1998, 1999 and 2000, leading to a significant decrease in the 

incidences of neural tube birth defects in these countries (Eichholzer et al., 2006; Obican et al., 

2010).  The role of folates in cancer is complex.  Folates are important to maintain genome 

stability, by preventing chromosome breakage and hypomethylation of DNA; low folate levels 

lower the synthesis of S-adenosyl methionine (SAM) which is critical for DNA methylation, and 

folates are also required for converting dUMP to dTMP (Fenech, 2001).  Therefore genomic 

instability due to lack of folates may lead to neoplastic formation (Sieber et al., 2005).  On the 

other hand, high folate levels appear to promote cancer progression of existing neoplastic tissues 

(Kim, 2003).  Antifolates such as methotrexate have been long used as drug targets for cancers 

such as lymphoblastic leukemia, osteogenic sarcoma, and breast cancer (Goldman et al., 2010).  

 

Folate carriers, transporters and receptors 

The reduced folate carrier (RFC) is the major transporter for reduced folates in human cells and 

is ubiquitously expressed in all tissues.  RFCs carry folates across membranes via counter 

transport of organic anions (Matherly and Goldman, 2003; Matherly et al., 2007).  RFCs 

primarily transport 5-methyl tetrahydrofolate (5m-THF), which is the major circulating form of 

folate, but have much lower affinity for folic acid.  RFCs have high affinity for antifolate drugs 

such as methotrexate (MTX), aminopterin (AMT), etc. (Matherly et al., 2007).  RFCs perform 

specialized functions such as absorption across intestinal/colonic epithelia, transport across 

basolateral membrane of renal proximal tubules, as well as folate transport across the blood-brain 

barrier (Matherly and Hou, 2008).  Although RFC is expressed throughout the intestine, and 
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plays a significant role in folate absorption, a second folate transporter, the PCFT (proton 

coupled folate tranporter), is the major folate transporter in the acidic environment of the small 

intestine (Matherly and Hou, 2008).  The human RFC is a membrane protein predicted to have 

12 transmembrane spanning domains (Ferguson and Flintoff, 1999; Sirotnak and Tolner, 1999).  

C. elegans has three RFC homologs, FOLT-1, FOLT-2, and FOLT-3 (Balamurugan et al., 2007).  

Loss-of-function in FOLT-1/RFC causes drastically reduced germ cell numbers and sterility in C. 

elegans as well as embryonic lethality in mouse RFC1 knockouts (Austin et al., 2010; Zhao et al., 

2001), whereas RNAi inactivation of FOLT-2 and FOLT-3 has no phenotypes in C. elegans 

(wormbase.org).  Expressing FOLT-1 in mammalian cells demonstrated uptake of folic acid, 

while expressing FOLT-2 did not show any folate transport activity (Balamurugan et al., 2007). 

PCFT is the major absorber of dietary folates and is expressed in the acidic environments 

of the small intestine in mammals.  Mutations in PCFT have been linked to hereditary folate 

malabsoption (HFM) syndrome.  In addition to the small intestine, PCFT is widely expressed in 

the kidney and liver as well as in tumor microenviroments.  As PCFT is not ubiquitously 

expressed like RFC, it has been studied as a target for selectively delivering antifolates to combat 

solid tumors (Desmoulin et al., 2012).  PCFT is also a membrane protein having 12 

transmembrane domains and functions as a proton-folate symporter that couples the uphill 

transport of folates to the downhill transport of protons in an acidic environment (Desmoulin et 

al., 2012).  C. elegans has two orthologs of PCFT, Y4C6B.5 and Y43F8A.5 (Shaye and 

Greenwald, 2011) named pcft-1 and pcft-2, neither of which have phenotypes upon RNAi 

inactivation.  

 Folate Receptors (FRs) bind folic acid and many reduced folates with high affinity.  FRs 

predominantly function in transcytosis of folates across cell barriers, such as placenta to the fetus, 
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and in the kidney to reabsorb folates from glomerular filtrates (Desmoulin et al., 2012; Grapp et 

al., 2013; Selhub et al., 1987).  There are four distinct isoforms of human FRs, namely FRα, FRβ 

FRγ, and FRδ (Ledermann et al., 2015).  FRα, FRβ, and FRδ are cell surface GPI-anchored 

glycoproteins, and FRγ is a secretory protein with unknown function (Elnakat and Ratnam, 2004; 

Ledermann et al., 2015).  C17G1.1 (named FOLR-1) in C. elegans is the closest homolog to the 

human FRγ, sharing 12% identity and 25.5% homology.  FOLR-1 is predicted to have a signal 

peptide and transmembrane domain (Cserzo et al., 2002; Petersen et al., 2011; Suh and Hutter, 

2012).  FRs bind to folates and bring them into the cell by endocytosis of the ligand-bound 

receptors.  Acidification of the endosomes leads to release of the ligand from the receptors and 

their subsequent entry into the cytoplasm is dependent on a transport process in which PCFT is 

thought to play a role allowing folates to escape from acidified endosomes (Desmoulin et al., 

2012).  FRα has a high affinity for folic acid.  FRα is expressed is all normal tissues as well as 

overexpressed in many cancers including those in the ovary, uterus, kidney, endometrium, lung, 

breast, bladder, and pancreas (Antony, 1996; Kelemen, 2006; Parker et al., 2005). FRβ and FRγ 

are overexpressed in hematologic malignancies, chronic myelogenous leukemia (CML) and 

acute myelogenous leukemia (Ledermann et al., 2015).   

The overexpression of FRα in cancerous cells is thought to bring in excess folates to 

provide for one-carbon metabolism (Antony, 1996; Kamen and Smith, 2004; Kelemen, 2006; 

Zhao et al., 2009).  However, in ovarian cancer cells where FRα is highly overexpressed, it is 

responsible for bringing in less circulating folates into the cells (~20%), than RFCs (>70%) 

(Corona et al., 1998).  In spite of being the major contributor of folate uptake, RFCs are not 

linked to cancer progression; in fact, overexpressing RFCs reduces cancer cell proliferation, 

migration and invasiveness in ovarian cancer cell lines, whereas FRα is required to promote 
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proliferation, migration in these cells (Siu et al., 2012).  Therefore FRα potentially promotes 

cancer migration in a manner independent of one-carbon metabolism.  

 

Steroid hormone signaling and Dafachronic acid 

Hormones are known to play critical developmental and physiological roles in metazoans.  

Steroid hormones regulate multiple facets of growth and development, reproduction as well as 

ageing.  Certain steroid hormones and their binding partners have been identified in C. elegans, 

which closely resembles those in humans (Aguilaniu et al., 2016; Antebi, 2015).   

The reproductive life cycle of C. elegans is tightly linked to the environment and the 

steroid hormone pathway plays a crucial role in sensing cues from favorable or harsh 

environments and directing developmental decisions accordingly (Antebi, 2013b).  Specifically, 

when conditions are favorable, C. elegans goes through its normal life cycle of 4 larval stages 

and enters reproductive adulthood, producing progeny over three days, and then living as an 

adult for another 2 weeks (Antebi, 2013b).  However, under harsher conditions, for example 

when food is scarce, temperatures are high, or overcrowding occurs (Butcher et al., 2007; Golden 

and Riddle, 1984), L2-stage larvae enter into an alternate third larval stage called Dauer diapause, 

where they remain quiescent, often for months, until conditions are favorable again (Cassada and 

Russell, 1975).   

Genetic identification of constitutive dauer forming (Daf-c) and dauer defective (Daf-d) 

mutants paved the way for characterizing the molecular mechanisms governing the 

developmental decisions of the dauer larvae (Riddle et al., 1981).  Under replete conditions, the 

insulin/IGF (IIS), TGFβ, and cGMP signaling pathways promote the production of bile acid-like 

hormones called Dafachronic acid (DA) (Fielenbach and Antebi, 2008; Li et al., 2003; Motola et 
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al., 2006; Ren et al., 1996).  TGFβ regulates Smad/Co-Smad transcriptional targets and the IIS 

signaling inhibits the DAF-16/FOXO transcription factor (Antebi, 2013b).  Both these pathways 

converge to regulate the gene daf-9, which codes for a cytochrome P450 (CY450), an enzyme 

involved in catalyzing the final step leading to the production of two DAs Δ4-dafachronic acid 

and Δ7-dafachronic acid (Antebi, 2013b).  Another gene daf-36, which codes for a Rieske 

oxygenase catalyzes the first step in the biosynthesis of Δ7-DA, where cholesterol is converted to 

an intermediate molecule 7-dehydrocholesterol (Rottiers et al., 2006; Wollam et al., 2011; 

Yoshiyama-Yanagawa et al., 2011), which is ultimately converted to Δ7-DA (Motola et al., 

2006).  A comprehensive study aimed at detecting DAs identified several novel forms of Δ7-DA 

as well as Δ1,7-DA and Δ0-DA, but failed to detect any Δ4, suggesting that Δ4 may be present at 

very low levels in the worm (Mahanti et al., 2014).  

DAs bind to the nuclear hormone receptor DAF-12, which is closely related to the 

mammalian Vitamin D receptor (VDR), Liver X receptor (LXR), Farnesoid X (FXR) receptor, 

and Pregnane X receptor (PXR) (Antebi et al., 2000; Mooijaart et al., 2005).  NHRs are mostly 

localized to the nucleus and have both ligand binding and DNA binding domains.  They act as 

transcription factors and repress or activate downstream developmental signaling events (Antebi, 

2006).  DA binding to DAF-12 activates transcription of genes that allow the worm to transition 

into reproductive adulthood (Antebi et al., 2000).  However, under unfavorable conditions, un-

liganded DAF-12 is bound by its co-repressor DIN-1S/SHARP (short isoform of DIN-1), thereby 

allowing dauer specific programs to be turned on (Aguilaniu et al., 2016; Ludewig et al., 2004).  

Similar to mammalian LXR which promotes feed-forward biosynthesis of bile acids, DAF-12 is 

also involved in regulating daf-9 expression in the hypodermis and thereby the production of 

DAs (Wollam and Antebi, 2011).   
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The endocrine signaling events that regulate dauer decision are also involved in 

regulating the lifespan of the nematode (Antebi, 2013b).  Decreasing the IIS pathway (daf-2 

mutants) leads to activation of the DAF-16 transcription factor leading to longer lifespan in 

worms, flies, and mice (Kenyon, 2010).  Mutations in the DAF-12 homologs LXR and VDR 

have also been associated with premature aging in mice and humans respectively (Keisala et al., 

2009; Mooijaart et al., 2007).  Steroid signaling has been shown to promote longevity in C. 

elegans mutants that lack the gonadal germline (Hsin and Kenyon, 1999).  The longevity effect 

requires the somatic gonad, as well as DAF-16 (Hsin and Kenyon, 1999).  The requirement of 

the somatic gonad suggests that DA is likely produced either in the somatic gonad or in tissues 

regulated by the somatic gonad (Aguilaniu et al., 2016).  The DA biosynthetic pathway genes 

daf-9 and daf-36 are also required for longevity in gonad-ablated C. elegans (Gerisch et al., 

2007; Rottiers et al., 2006).  Germline ablation leads to DAF-12 dependent up-regulation of the 

microRNAs miR-241 and miR-81, which can activate DAF-16 thereby playing a role in lifespan 

extension (Bethke et al., 2009; Shen et al., 2012).   

The availability of food no doubt plays an important role in regulating the life of the 

nematode.  It was recently shown that C. elegans under dietary restricted conditions can 

synthesize DAs (Thondamal et al., 2014).  This suggests that worms use an alternate pathway 

(other than insulin and TGF β signaling) to regulate daf-9 mRNA levels as well as DA synthesis 

under dietary restricted conditions (Thondamal et al., 2014; Wollam et al., 2012).  Weak daf-9 

mutants that are diet restricted do not live long in contrast to when there is no restriction of food, 

and an alternate non-canonical NHR, NHR-8 is required to mediate this effect (Thondamal et al., 

2014).  NHR-8 is involved in cholesterol and DA homeostasis and interacts with components of 

the IIS signaling pathway (Magner et al., 2013).  Thondamal et. al demonstrated that dietary 
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restriction leads to the production of DAs that result in nhr-8 dependent longevity in C. elegans 

by regulating the mTOR signaling pathway (Thondamal et al., 2014).  Diet restriction also leads 

to a decrease in the number of proliferating germline nuclei, presumably because mTOR 

signaling is no longer active.  Genetically reducing the germ cell numbers bypasses the need for 

steroid signaling in long-lived diet-restricted worms (Thondamal et al., 2014).  

Removing the germline precursor cells in early the L1 larval stage extended lifespan in C. 

elegans by 60% (Hsin and Kenyon, 1999), but removing the somatic gonad as well reverses this 

effect, suggesting that the somatic gonad has signals that promote longevity while the germline 

generates signals that may antagonize longevity (Antebi, 2013a).  The germline stem cells are 

thought to inhibit long life (Arantes-Oliveira et al., 2002).  Mutations that decrease the number of 

proliferative germ cells, such as glp-1 (Notch receptor) loss-of-function mutations extend 

lifespan, whereas those that increase the number of germ cells such as gld-1 mutations, shortens 

lifespan (Arantes-Oliveira et al., 2002).  Association of longevity with the germline seems to be 

evolutionarily conserved, as Drosophila mutants lacking germ stem cells also have extended 

lifespan (Flatt et al., 2008). 
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Figure 1.1  C. elegans vulval patterning and vulval phenotypes.  (A) A C. elegans L2 stage 

animal showing the vulval precursor cells (VPCs), the gonad and the Anchor cell (AC) in the 

gonad.  (B) A magnified version of the VPCs is depicted using the circles.  A graded inductive 

signal (yellow) from the AC (blue) reaches the VPCs and P6.p adopts a 1º fate (red).  The 1º cell 

signals its adjacent P5.p and P7.p to adopt 2º fates (green).  The remaining VPCs P3.p, P4.p and 

P8.p become 3º cells (grey).  (C) Ras and Notch signaling regulate the vulval fate patterning.  

The inductive signal from AC is an epidermal growth factor (EGF)-like signal LIN-3.  LIN-3 

upregulates the Ras pathway in P6.p making it the 1º cell.  Ras leads to transcription of Notch 

ligands that activate the LIN-12/Notch pathway in P5.p and P7.p making them 2º cells.  Ras 

downregulates LIN-12/Notch in the 1º cells and LIN-12/Notch downregulates Ras in the 2º cells.  

(Figures 1.1 A, B and D are modified from Kerry Kornfeld lab website 

http://kornfeldlab.wustl.edu/cellfate.htm). 
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Figure 1.2  Organization of the C. elegans germline.  A C. elegans hermaphrodite gonad arm 

is shown that has germ cells in the distal end and oocytes, sperms and an embryo in the proximal 

end.  The somatic distal tip cell (DTC; blue) maintains the pool of proliferating germ cells within 

the mitotic region.  As the germ cells move away from the DTC niche region, they enter the 

transition zone where some cells have entered meiosis (characterized by the crescent nuclei) 

while a few mitotic cells are also retained.  Following the transition zone, the germ cells enter 

meiotic prophase I and eventually differentiate into ooctyes and sperms at the proximal end of 

the gonad. (Modified from Boag et al., 2005; Kipreos, 2005a).  
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CHAPTER 2 

THE CRL2LRR-1 UBIQUITIN LIGASE NEGATIVELY REGULATES NOTCH SIGNALING 

DURING CAENORHABDITIS ELEGANS VULVA DEVELOPMENT 1 
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Abstract 

The Caenorhabditis elegans vulva is one of the classic systems used to study interactions 

between the Ras and Notch signaling pathways.  The vulva is patterned by a Ras-mediated 

‘inductive’ signal and a Notch-mediated ‘lateral’ signal.  Three vulval precursor cells, P5.p, P6.p 

and P7.p, form the mature vulva.  Activation of the Ras pathway in P6.p induces the 1° cell fate 

in P6.p.  The subsequent expression of Notch ligands in P6.p induces the 2° cell fate in the 

adjacent P5.p and P7.p cells by activating the Notch pathway in these cells. For proper 2°-1°-2° 

patterning, Ras inhibits Notch in the 1° cell, and Notch down-regulates Ras in the 2° cells.  

Defects in this mechanism lead to excessive numbers of (or a lack of) 1° or 2° cells, and thus 

abnormal vulva development.  We observed that inactivation of the substrate recognition subunit 

(SRS) LRR-1, of the cullin-RING ubiquitin ligase 2 (CRL2) complex, results in a multivulva 

(Muv) phenotype (~1%).  We found that the expression of the Notch-target gene lip-1 is higher 

in lrr-1 mutants compared to wild-type, whereas the expression of the Ras-target gene egl-17 is 

unchanged.  This suggests that Ras activity is not affected by loss of lrr-1, while Notch activity 

is upregulated.  Genetic interaction experiments combining the lrr-1 mutant with different 

mutants in the Ras and Notch pathways also revealed that the Notch pathway is overactive in lrr-

1 mutants.  Detailed analysis of the expression of Notch proteins showed us that in P6.p, loss of 

lrr-1 leads to an increase in the levels of both full-length Notch receptor as well as the cleaved 

transcriptional activator Notch intracellular domain (NICD).  The ubiquitin ligase SCFSEL-10 is 

known to degrade NICD, and sel-10 mutants have higher levels of NICD than lrr-1 mutants. 

Interestingly, lrr-1 mutants have higher levels of expression of certain Notch-regulated genes. 

These experiments suggest that loss of CRL2LRR-1 increases the expression of Notch target genes 

downstream of the generation of the NICD.  Using the modENCODE ChIP-seq database we 
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identified DAF-12 as a transcription factor that binds the gene regulatory sequences of these 

Notch target genes. Inactivation of DAF-12 reduces Notch target gene expression, indicating that 

it normally promotes their expression.  The level of DAF-12::GFP increases in lrr-1 mutants, 

suggesting that LRR-1 inhibits Notch signaling by negatively regulating the transcription factor 

DAF-12. 
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Introduction 

Notch genes encode cell surface receptors that were first discovered nearly a century ago 

as a notched winged phenotype in Drosophila (Allenspach et al., 2002).  Notch and its signaling 

components, which consist of receptors, ligands, positive and negative regulators, transcription 

factors, are highly conserved from Drosophila to humans (Allenspach et al., 2002).  Notch plays 

an extremely important role in metazoan development and this role has been well studied in the 

patterning of the wing and eye in Drosophila (Fortini and Artavanis-Tsakonas, 1993; Irvine and 

Vogt, 1997), vulval cell fate in C. elegans (Greenwald et al., 1983), neuronal fate decisions 

(Aguirre et al., 2010; Hitoshi et al., 2002) and mammalian angiogenesis (Liu et al., 2003).  

Misregulation or loss of Notch signaling has been implicated in various human developmental 

abnormalities and many cancers (Allenspach et al., 2002; Penton et al., 2012). 

 In C. elegans, LIN-12/Notch plays a critical role during vulva development as well as in 

the specification of the Anchor Cell (AC), which is required to produce an inductive signal for 

the vulval precursor cells (Greenwald, 2005).  The VPCs, P3.p – P8.p cells, adopt a precise 

spatial pattern from anterior to posterior, 3°-3°-2°-1°-2°-3°, that is initiated in response to a 

graded inductive signal from the AC: the epidermal growth factor (EGF) ligand LIN-3 (Figure 

2.1A).  LIN-3 binds to the epidermal growth factor receptor (EGFR)/LET-23 and subsequently 

activates the Ras/LET-60–MAPK/MPK-1 pathway.  MPK-1/MAPK phosphorylates two 

downstream substrates LIN-1 and LIN-31 in P6.p (Sternberg, 2005).  LIN-1 is an ETS domain 

transcription factor that blocks induction of 1º fate (Beitel et al., 1995; Han et al., 1990).  LIN-1 

forms a complex with the forkhead-like transcription factor LIN-31 that inhibits 1º fate induction 

(Tan et al., 1998).  The activation of the EGFR–Ras–MAPK pathway leads to phosphorylation of 

both LIN-1 and LIN-31 in the P6.p by MPK-1 thereby disrupting this repressive complex (Tan et 



 

 44 

al., 1998).  In the absence of the inductive signal, the LIN-1–LIN-31 repressor complex inhibits 

the hox gene lin-39 (Guerry et al., 2007; Wagmaister et al., 2006).  LIN-39 is required for the 

final execution of the 1º fate by regulating vulval proliferation and morphogenesis (Clandinin et 

al., 1997; Maloof and Kenyon, 1998; Pellegrino et al., 2011; Shemer and Podbilewicz, 2002). 

 High-level EGFR–Ras signaling in the P6.p cell leads to transcription of DSL 

(Delta/Serrate) ligands.  The DSL ligands promote lateral signaling by activating LIN-12/Notch 

in the adjacent P5.p and P7.p cells; which induces the 2º fate in these cells (Chen and Greenwald, 

2004).  Additionally, a lower level of inductive signal in P5.p and P7.p has been proposed to 

upregulate an alternate Ras pathway via the Ras exchange factor RalGEF that shuttles Ras 

signaling from the Ras–MAPK pathway to the Ras–RalGEF–Ral pathway (Zand et al., 2011).  

The RalGEF–Ral pathway provides evidence in support of the proposed morphogen gradient 

model (Katz et al., 1995; Katz et al., 1996; Sternberg and Horvitz, 1986; Sternberg and Horvitz, 

1989) where graded EGF supports 2º fate in P5.p and P6.p by activating the RalGEF–Ral 

pathway (Zand et al., 2011).  However the direct targets by which this pathway promotes 2º fate 

have not yet been discovered (Zand et al., 2011).   

In order for proper spatial patterning to occur, LIN-12/Notch signaling increases 

expression of genes that inhibit Ras–MAPK in the 2º cells (Berset et al., 2001; Berset et al., 

2005; Yoo et al., 2004).  Similarly, activation of Ras–MAPK in P6.p leads to endocytosis- and 

lysosome-mediated degradation of LIN-12/Notch receptor, as well as activation of 2º-fate 

antagonizing programs, thereby sealing the 1º fate in P6.p (Levitan and Greenwald, 1998; Shaye 

and Greenwald, 2002; Yoo and Greenwald, 2005).  The VPCs P3.p, P4.p, and P8.p adopt 3º non-

vulval fates and fuse to the large hypodermal synctium (hyp7) (Sternberg, 2005).   
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Altering the Ras–MAPK and LIN-12/Notch pathways can give rise to abnormal vulval 

phenotypes.  Mutations that decrease EGF–Ras–MAPK signaling (e.g., in lin-3, let-23, let-60) 

give rise to a Vulvaless (Vul) phenotype, as all cells become 3º (Aroian et al., 1990; Beitel et al., 

1990; Han et al., 1990; Hill and Sternberg, 1992; Sternberg, 2005).  Conversely, gain-of-function 

alleles of EGF–Ras–MAPK genes cause a Multivulva (Muv) phenotype wherein extra VPCs 

assume the 1º fate (Beitel et al., 1990; Han and Sternberg, 1990; Hill and Sternberg, 1992; Katz 

et al., 1996).  lin-12 null alleles fail to specify the 2º fate.  lin-12 gain-of-function mutations 

cause all VPCs to adopt the 2º fate and display Muv phenotype (Greenwald et al., 1983; 

Sternberg, 2005).  LIN-12/Notch is also required to specify the cell-fate decision between two 

cells in the somatic gonad, Z1.ppp and Z4.aaa.  One of these cells becomes the future AC and the 

other becomes a vulval uterine (VU) cell through LIN-12 and LAG-2 mediated signaling 

(Greenwald, 2005).  Initially both the precursor cells express both lin-12 and lag-2 transcripts; 

stochastic differences in the activity of lin-12 between the two cells initiates a feedback 

mechanism, whereby LIN-12 activation by LAG-2 in the presumptive VU cell positively 

transcribes lin-12 and downregulates lag-2 transcription (Wilkinson et al., 1994).  Loss-of-

function of lin-12 causes two ACs to be specified and a gain-of-function of lin-12 causes two 

VUs to form (Seydoux and Greenwald, 1989; Wilkinson et al., 1994).  In lin-12 gain-of-function 

mutants, the absence of an AC means that the inductive EGF signal is not present, therefore the 

Muv phenotype observed is due to all VPCs assuming 2º fate (Greenwald et al., 1983).   

Several negative regulators of both the Ras–MAPK and LIN-12/Notch pathway have 

been identified.  Among the negative modulators of LIN-12/Notch, some directly target the 

receptor or its intracellular form (NICD) whereas others affect Notch-pathway components 

(Greenwald, 2005).  SEL-10 is a negative regulator of NICD that was identified in a genetic 
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screen for suppressors of lin-12 hypomorphs (Feldman et al., 1997; Hubbard et al., 1997; 

Skowyra et al., 1997; Sundaram and Greenwald, 1993b).  SEL-10 is the C. elegans ortholog of 

the F-Box/WD40 repeat containing protein Fbw7 that is a part of the CRL E3 ubiquitin ligase 

Skp1/Cul1/Fbox (SCF) complex.  SCFSEL-10/Fbw7 promotes the ubiquitin-mediated degradation of 

NICD in both C. elegans and mammals (Gupta-Rossi et al., 2001; Hubbard et al., 1997; Oberg et 

al., 2001; Wu et al., 2001).   

Unlike lin-12 gain-of-function mutants, sel-10 loss-of-function mutants do not have a 

multivulva phenotype, irrespective of the fact that the levels of NICD and full-length LIN-12 are 

significantly elevated in all six VPCs (Hubbard et al., 1997; Shaye and Greenwald, 2002).  Full-

length Notch signaling generates nuclear-localized NICD, whose transcriptional activity 

mediates the signaling.  The observation that merely elevating NICD or full-length LIN-

12/Notch levels are not sufficient to induce Notch signaling, and suggests either that other 

aspects of Notch signaling, such as co-activators, are not activated, or that mechanisms that 

downregulate Notch signaling are induced upon elevation of the LIN-12 full-length and NICD 

proteins.  While sel-10 mutants have no defect in vulval phenotype on their own (Jager et al., 

2004; Sundaram and Greenwald, 1993a), they can exacerbate the Muv phenotype of mild gain-

of-function alleles of lin-12, and suppress the two AC phenotype of lin-12 hypomorphs (Hubbard 

et al., 1997).   

In this study we describe LRR-1 as a negative regulator of Notch signaling in vulval cells.  

LRR-1 is a leucine rich repeat protein that functions as a substrate recognition subunit (SRS) for 

a cullin-RING ubiquitin ligase complex (CRL) (Starostina et al., 2010).  CRLs are the largest 

known class of ubiquitin ligases (E3s) (Bosu and Kipreos, 2008; Petroski and Deshaies, 2005).  

In metazoa, there are five main types of cullins, which are capable of forming distinct CRL 
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complexes: SCF complexes (CUL-1 based) and CRL2-5 complexes (CUL2-5 based, 

respectively).  The CUL-2 based complex (CRL2) consists of four subunits: the cullin CUL-2; 

the RING H2 finger protein Roc1/Rbx1; the adaptor Elongin C that is bound to Elongin B; and 

the substrate recognition subunit (SRS) that binds substrates (Bosu and Kipreos, 2008; Petroski 

and Deshaies, 2005).  C. elegans LRR-1 interacts with Elongin C (ELC-1), the adapter protein 

for CRL2 and brings substrates to the CRL2LRR-1 complex (Starostina et al., 2010).  Loss of lrr-1 

produces a severe reduction in germ cell division that has been attributed to an increase in the 

levels of the CDK-inhibitor CKI-1 and the activation of a cell cycle checkpoint (Merlet et al., 

2010; Starostina et al., 2010).  Because of the germ cell proliferation defect, lrr-1 mutants are 

sterile.  lrr-1 mutants also exhibit a protruding vulva phenotype that results from a failure to 

produce the full complement of vulva cells; lrr-1 mutants have an average of 15 vulva cells 

rather than the 22 vulva cells of wild type (Starostina et al., 2010).  Here we show that  

CRL2LRR-1 negatively regulates Notch signaling during vulva development, in part by negatively 

regulating the transcription factor DAF-12.  

 

Materials and Methods 

C. elegans alleles and general methods 

C. elegans were maintained and cultured as previously described (Brenner, 1974).  Strains were 

maintained at 20ºC unless otherwise mentioned.  The following strains and alleles were used: N2, 

wild type, ET460 lrr-1(tm3543)/mIn1 II, ET430 lrr-1(tm3543)/mIn1 II; him-8(me4) IV, AH142 

zhIs4 [lip-1p::gfp] III, GS3582 unc-4(e120) II; arIs92[egl-17p::NLS-CFP-LacZ + unc-4(+) + 

ttx-3::GFP], ET534 lrr-1(tm3543)/mIn1; zhIs4, ET535 lrr-1(tm3543)/mIn1; arIs92,  OP72 unc-

119(ed3)III; wgIs72[Plin12::lin-12:: TY1:: EGFP:: 3xFLAG (92C12) + unc-119(+)], 
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zhIs39[bar-1p::nicd::gfp::unc-54 3′utr, unc-119(+)] II (gift from Alex Hajnal), zhIs56[bar-

1p::nicd::gfpΔCT::unc-54 3′utr, unc-119(+)]II (gift from Alex Hajnal), ET502 sel-10(bc243) V; 

him-8(me4) IV, ET536 sel-10(bc243); zhIs39, MD2241 bc1s58 [ces-1p::ces-1::yfp], PS80 let-

23(sy1);unc-4(e120) II, SD366 mpk-1(n2521) III; let-60(n1046) IV, MT302 lin-12(n302) III, 

CB1417 lin-3(e1417) IV, AA120 dhIs26[daf-12A::GFP + lin-15(+)], MT11836 ark-1(n3701) IV, 

MT13032 sli-1(n3538) X, AH12 gap-1(ga133) X, GS60 unc-32(e189);lin-12(n676n930) III.   

 

RNA interference (RNAi) 

Feeding RNAi was performed on worms as described in (Kamath et al., 2001).  RNAi feeding 

clones of lrr-1, sel-10, daf-12, ces-1, lst-2, lst-3, lst-4, dpy-23, unc-101 were obtained from 

Ahringer library (Kamath and Ahringer, 2003) were grown in 2xYT media overnight with 100 

µg/ml Carbenicillin (Gold Biotechnology).  RNAi bacteria was induced by directly seeding 

overnight cultures on to 1X NGM plates containing 1 mM IPTG (Gold Biotechnology) and 100 

µg/ml Carbenicillin.  Bacteria containing the empty vector L440 were used as control RNAi.   

 

Microscopy 

Live imaging of C. elegans was performed with Zeiss Axioplan microscope with a Hamamatsu 

ORCA-ER CCD camera and Openlab 4.0.2 software (Agilent).  Briefly, worms were mounted 

on a 2% agarose pad with 10 mM levamisole or tetramisole (Sigma).  Normanski differential 

interference contrast (DIC) images were taken as described in (Sulston and Horvitz, 1977) GFP 

images for a particular genotype were all taken at the same exposure and Adobe Photoshop CS6 

was used to measure fluorescence intensity.  
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Vulval phenotype analysis 

lip-1p::GFP, egl-17p::CFP, lin-12p::lin-12::GFP, bar-1p::nicd::GFP, bar-1p::nicd::GFPΔCT, 

daf-12p::daf-12::GFP levels in the VPC were assayed at L2-L3 stage in the Pn.px cells by 

epifluorescence and DIC optics.  L4 and adult animals were used to assay Vul and Muv 

phenotypes.  

 

Quantitative real time RT-PCR (qRT-PCR) 

Total RNA was isolated from different stages of worms using TRIzol reagent (Life 

Technologies) according to manufacturer’s instructions.  0.5 µg total RNA was used to generate 

first strand cDNA using SuperScript III First-Strand Synthesis Kit (Life Technology) following 

manufacturer’s instruction.  qRT-PCR was performed in a 20 µl volume using SYBR Green 

Supermix (Bio-Rad) and analyzed using CFX Connect Real-Time PCR Detection System (Bio-

Rad).  The following primer sets were used to amplify the respective genes: lst-1 forward: 

5’GTGAAACTGTGCCAACGAGT 3’, reverse: 5’CGAGCGTGTCCCATTTGTTC 3’; lst-2, 

forward: 5’ GCAACACGATCAGCATTCCA 3’, reverse: 5’ATGGCACTGTAGCTCCGTTT 

3’; lst-3, forward: 5’ lst-4, forward: 5’ AGCTCTCGCCTACACTGCAT 3’, reverse: 

5’CGTCCTTCGCTGTCACGGA 3’; dpy-23 forward: 5’ CCACCAAATACATCCGGCGT 3’, 

reverse: 5’ TCATTCCGGCCATACGCTTT 3’; lip-1 forward: 5’ 

TCTGCCTACGAATGGGTTCAA 3’, reverse: 5’ CGAGGAGCCGAGGAAGGATA 3’; daf-12, 

forward: 5’ATGACTCCAACACATGGTTTT 3’, reverse: 5’ TTCTCCTGGCAGCTCTTCG 3’ 

(Jeong et al., 2010); rpl-19 (control), forward: 5’ CGCGCAAAGGGAAACAACTT 3’, reverse: 

5’CTTGCGGCTCTCCTTGTTCT 3’.  The mRNA level of each gene was normalized to rpl-19 

and relative fold change was calculated using the ΔΔCt method (Pfaffl method) (Pfaffl, 2001). 
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Statistical analysis 

Graphs represent means with ± SEM (standard error of the mean).  Two-tailed student’s t-test 

was performed for the quantification of fluorescence in the VPCs.  Chi-square test was used to 

analyze the percentage of Muv animals in Table 2.1.  Asterisks indicate significance compared to 

wild type; * P ≤0.05, ** P ≤ 0.01, *** P ≤ 0.001, ns= no significance, P>0.05.  

 

Results 

lrr-1 mutants have an impenetrant Muv phenotype 

The lrr-1(tm3543) mutant is a recessive deletion allele, which is predicted to generate a truncated 

LRR-1 protein lacking 66% of the C-terminal residues (Starostina et al., 2010).  lrr-1 

homozygous mutants show an impenetrant Muv phenoype (0.9%, n=700) (Figure 2.1B).     

 

Expression of 1° cell fate marker is normal in lrr-1 mutants 

To determine if the inductive signal is properly perceived by the VPCs in lrr-1 mutants, we 

analyzed the 1° cell fate marker egl-17p::CFP , which is a transcriptional target of the Ras-

MAPK pathway (Yoo et al., 2004).  egl-17 encodes a homolog of mammalian fibroblast growth 

factor (FGF), and, together with the FGF receptor EGL-15 (Burdine et al., 1997; DeVore et al., 

1995).  The expression of egl-17 in the VPCs acts as a cue to guide the proper positioning of the 

sex myoblasts, which migrate to the vulval region (Burdine et al., 1998).  egl-17 expression is 

dependent on the inductive signal LIN-3/EGF that arises from the somatic gonad and not on the 

LIN-12/Notch mediated lateral signal (Burdine et al., 1998).  In response to the inductive signal, 

egl-17p::CFP is expressed in a graded fashion with strong expression in P6.p and weaker 

expression in P5.p and P7.p cells.  In early L3 stage, the expression disappears from P5.p and 
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P7.p but persists in P6.p and its descendants (Yoo et al., 2004) (Figure 2.2A).  We observed that 

the expression pattern of egl-17p::CFP in lrr-1 mutants was identical to that in wild type 

hermaphrodites, with no difference in the level of expression in P6.p (Figure 2.2B,C).  This 

suggests that the 1° vulval fate is unaffected in lrr-1 mutants. 

 

The expression of the LIN-12/Notch target lip-1 is elevated in lrr-1 mutant 1° and 2° VPCs 

lip-1 encodes for a MAP kinase phosphatase (MKP) whose transcription is upregulated in 

P5.p and P7.p in response to the LIN-12/Notch-mediated lateral signal (Berset et al., 2001).  LIP-

1 is dual-specificity MKP similar to the human MKP-3/PYST1 (Berset et al., 2001), which can 

remove both activating phosphate groups from the threonine and tyrosine residues of an 

activated MAPK (Alessi et al., 1993; Groom et al., 1996; Guan and Butch, 1995; Muda et al., 

1996).  LIN-12/Notch transcribes lip-1 by activating binding of the CSL (CBF/Suppressor of 

Hairless/LAG-1) transcription factor to the conserved LAG-1 binding sites on lip-1 regulatory 

regions (Christensen et al., 1996).  LIP-1 inactivates MPK-1 kinase activity in 2° cells to inhibit 

the 1º cell fate (Berset et al., 2001).  lip-1 is uniformly expressed at a low level in all VPCs until 

the L2 stage.  In the early L3 stage, when the EGF signal is introduced from the AC, lip-1 

expression disappears from P6.p and its descendants, but is increased in P5.p and P7.p, thereby 

inhibiting the 1° fate in these cells (Figure 2.3A) (Berset et al., 2001).  We used a lip-1p::GFP 

transcriptional reporter to assay the 2° fate in lrr-1 homozygous mutants.  We found that in lrr-1 

mutants, lip-1p::GFP expression perdures in P6.p and its descendants (Figure 2.3B) at 

significantly higher levels compared to wild-type animals, suggesting a failure to downregulate 

LIN-12/Notch signaling in these cells (Figure 2.3B,C).  We also observed higher levels of lip-
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1p::GFP expression in P5.p and P7.p, suggesting that LRR-1 acts to reduce the 2° cell fate 

marker in all three VPCs (Figure 2.3B,C).  

 

The Muv phenotype of lrr-1 mutants is correlated with a failure to inhibit LIN-12/Notch 

signaling 

Genetic interactions between lrr-1 and mutants in the EGFR–Ras–MAPK and Notch pathways 

suggest that lrr-1 mutant phenotypes arise from an increase in LIN-12/Notch activity.  In the 

VPCs, Ras–MAPK and Notch signaling pathways are antagonistic (Sundaram, 2004).  

Disrupting any of multiple negative regulators of the Ras–MAPK pathway can increase Ras–

MAPK signaling (Sundaram, 2006).  Negative regulators of Ras–MAPK include: ARK-1, an 

Ack-related nonreceptor tyrosine kinase, that negatively regulates LET-23/EGFR (Hopper et al., 

2000); GAP-1, a Ras GTPase activating protein (RasGAP), that inactivates LET-60/Ras by 

converting its active Ras-GTP form to inactive Ras-GDP (Hajnal et al., 1997); SLI-1, a homolog 

of the Cbl E3 ubiquitin ligase, that negatively regulates LET-23/EGFR and SEM-5(Grb2), the 

latter being the adapter protein that recruits a guanine exchange factor responsible for activating 

LET-60/Ras  (Clark et al., 1992; Jongeward et al., 1995; Sundaram, 2006; Yoon et al., 1995); 

UNC-101, the AP1 subunit of the clathrin adaptor protein, which antagonizes the localization of 

LET-23/EGFR to the basolateral membrane in VPCs (Lee et al., 1994; Skorobogata et al., 2014); 

DPY-23, the AP2 subunit for clathrin adaptor protein (Pan et al., 2008; Yoo et al., 2004); and 

LST-4, a sorting nexin (Lu et al., 2011), whose orthologs have been implicated in the 

degradation of EGFR (Lin et al., 2002; Rapoport et al., 1997; Yoo et al., 2004).  SLI-1, UNC-

101, DPY-23, and LST-4, all negatively regulate LET-23/EGFR, presumably by promoting its 

endocytosis and/or degradation (Sundaram, 2006).  The lst (1-4) genes, dpy-23, lip-1, ark-1 are 
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classified as lateral signal target (lst) genes.  These genes contain LAG-1 binding sites, which 

make them transcriptional targets for LIN-12/Notch (Berset et al., 2001; Yoo et al., 2004).  

Mutations in these negative regulators of EGFR–Ras–MAPK pathway by themselves do not 

cause a visible vulval phenotype (Berset et al., 2001; Berset et al., 2005; Sundaram, 2006).  

RNAi depletion of lst-2, lst-3, lst-4, dpy-23, ark-1, gap-1, sli-1, and unc-101 mutants all 

suppressed the Muv phenotype of lrr-1 mutants (Table 2.1).  

There is evidence for two pathways downstream of Ras in the VPCs.  In the 1° cell, Ras 

activates MPK-1/ERK, while in the 2° cells, Ras activates RalGEF, which activates the small 

GTPase Ral to promote the 2° cell (Zand et al., 2011).  The mutant combination gain-of-function 

let-60(n1046-gf)/Ras with a null mpk-1(n2521-lf)/ERK mutation shuttles Ras activity to the 

RalGEF–Ral pathway, as the gain of function Ras is unable to activate the Ras–MAPK pathway 

because it is blocked by the mpk-1 mutation (Zand et al., 2011).  This mutant combination 

increases 2° cell fates in VPCs.  Inactivation of lrr-1 in the double mutant let-60(n1046-gf)/Ras, 

mpk-1(n2521-lf)/ERK increases the percentage of Muv from 1% to 11.5% (Table 2.1).  This 

provides further evidence that loss of LRR-1 promotes ectopic 2° cell fate to produce the Muv 

phenotype.  

The let-23(sy1) mutation deletes the last 6 amino acids in LET-23 causing mislocalization 

of the LET-23/EGFR receptor to the apical membrane, instead of its usual location in the 

basolateral membrane, causing a reduction of EGFR function and a Vul phenotype (Aroian et al., 

1994; Aroian and Sternberg, 1991; Ferguson and Horvitz, 1985; Kaech et al., 1998).  lrr-1 RNAi 

inactivation of the let-23(sy1) induced a 5%  Muv phenotype as well as partially suppressed the 

Vul phenotype, suggesting that reducing Ras–MAPK signaling enhances the Muv phenotype in 

lrr-1 (Table 2.1).  
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Finally we wanted to determine if loss of lrr-1 can increases the Muv phenotype 

independent of the EGF signaling.  Therefore we used a lin-12 (n302) mutant that has mildly 

constitutive lin-12 activity, and these animals lack an anchor cell (AC), which makes all of the 

VPCs adopt 3º fate due to the absence of inductive signal.  However, due to the mildly elevated 

lin-12 activity, a small percentage of mutants display Muv phenotype where all VPCs adopt 2º 

fates (Greenwald et al., 1983).  In a lin-12(n302) mutant background, loss of a negative regulator 

of lin-12 results in increased lin-12 activity, which induces all six VPCs to adopt the 2º fate and 

display a Muv phenotype (Sundaram and Greenwald, 1993b).  We observed that lrr-1 RNAi on a 

weak gain-of-function lin-12(n302) mutant increases its Muv percentage from 7% in the single 

mutant to almost 25% (Table 2.1). Taken together, these results suggest that lrr-1 mutant 

phenotype arises from an increase in LIN-12/Notch signaling in the VPCs resulting in a Muv 

phenotype.   

 

LRR-1 negatively regulates LIN-12 full-length and Notch intracellular domain (NICD) protein 

levels in VPCs. 

We wanted to determine whether the loss of LRR-1 affected the levels of full length LIN-

12/Notch or LIN-12 NICD.  We followed the accumulation of full-length Notch protein using a 

transgenic strain expressing lin-12p::lin-12::GFP, where the GFP is inserted in-frame within the 

C-terminal of LIN-12.  We observed that the membrane localized full-length LIN-12::GFP was 

elevated in the P6.p cell in lrr-1(RNAi) animals compared to control RNAi animals (Figure 2.4A, 

B).  To follow NICD protein levels we used the bar-1p::nicd::GFP strain, where NICD 

expression is driven uniformly in all VPCs by the bar-1/β-catenin promoter (Nusser-Stein et al., 

2012).  Because NICD::GFP is expressed in all VPCs, the P3.p, P4.p and P8.p cells adopt 2° 
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fates, and bar-1p::nicd::GFP transgenic animals have a multivulva phenotype.  However, even in 

bar-1p::nicd::GFP transgenic animals, P6.p adopts a normal 1° fate, and NICD::GFP expression 

fades and becomes undetectable in P6.p and its descendants (Figure 2.5A) (Nusser-Stein et al., 

2012).  We observed that lrr-1(RNAi) animals have significantly elevated levels of NICD::GFP 

in P6.p, while the levels of NICD::GFP in P5.p and P7.p were not significantly higher than in 

control RNAi animals (Figure 2.5B,C).  These results suggest that LRR-1 negatively regulates 

the levels of Notch full-length and the NICD proteins.   

We wondered whether LRR-1 may directly interact with LIN-12 NICD.  We co-

expressed the two genes in human HEK293T cells.  We did not observe any obvious interaction 

between NICD and LRR-1 in co-immunoprecipitation experiments, which would be expected if 

CRL2LRR-1 directly targets the degradation of LIN-12 NICD (data not shown).  

  

Loss of LRR-1 does not increase NICD levels in a sel-10 mutant background 

SEL-10 is the C. elegans ortholog of the F-Box/WD40 repeat containing protein Fbw7 that is a 

part of a multi-subunit E3 ubiquitin ligase Skp1/Cul1/Fbox (SCF) complex (Feldman et al., 

1997; Skowyra et al., 1997).  The sel-10 mutant was identified in a genetic screen for suppressor 

of lin-12 hypomorphs (Feldman et al., 1997; Hubbard et al., 1997; Skowyra et al., 1997; 

Sundaram and Greenwald, 1993b).  Mammalian Fbw7 and C. elegans SEL-10 promote the 

ubiquitin-mediated degradation of NICD (Gupta-Rossi et al., 2001; Hubbard et al., 1997; Oberg 

et al., 2001; Wu et al., 2001).  Consistent with this role, we have seen that inactivation of C. 

elegans sel-10 increases NICD levels.   

If LRR-1 and SEL-10 regulate NICD levels independently, then one would expect that 

loss of both proteins would further increase NICD levels.  To determine if loss of both LRR-1 
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and SEL-10 increases NICD more than singly, we combined lrr-1 RNAi with a null allele of sel-

10(bc243) that lacks the F-box domain (required to link it to the SCF complex) and all 7 WD40 

repeats (Hubbard et al., 1997; Jager et al., 2004) in combination with nicd::GFP.  We observed 

that RNAi depletion of lrr-1 in sel-10(bc243) mutants did not cause a further increase in the 

levels of NICD (Figure 2.6).  This suggests that LRR-1 does not regulate NICD independently of 

SEL-10. 

NICD contains a nuclear localization signal (NLS) followed by a RAM domain (RBP-jκ 

association module) (Kopan and Ilagan, 2009).  The RAM domain contains a DTS 

(downregulation target signal) that is necessary for Notch endocytosis (Shaye and Greenwald, 

2002).  Next to the RAM domain are the Ankyrin repeats (ANK) that are required to interact 

with the CSL transcription factors, followed by a PEST (proline/glutamic acid/serine/threonine-

enriched) sequence.  The PEST domain contains multiple phosphorylation sites, which are 

phosphorylated by cyclin C-dependent kinase (CDK8) (Fryer et al., 2004).  Hyperphosphorylated 

NICD is ubiquitinated by Fbw7/SEL-10 (Fryer et al., 2004; Gupta-Rossi et al., 2001; Kopan and 

Ilagan, 2009; Oberg et al., 2001; Wu et al., 2001).  Deleting the C terminal PEST domain of 

NICD (NICD-GFPΔCT) stabilizes NICD-GFPΔCT in P6.p and elevates it in P5.p and P7.p 

(Nusser-Stein et al., 2012).  We observed that RNAi depletion of lrr-1 does not increase NICD-

GFPΔCT levels in the VPCs (Figure 2.7).  These results suggest that LRR-1 affects NICD levels 

only if SEL-10-mediated degradation of NICD is functioning.  This suggests that LRR-1 might 

function upstream of SEL-10 to promote its activity, and that in lrr-1 mutants, the level of NICD 

increases due to a failure of SEL-10-mediated degradation of NICD. 
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Loss of LRR-1 has a larger impact on Notch target gene expression than loss of SEL-10 

sel-10 loss-of-function elevates Notch signaling and enhances Muv phenotypes of lin-12 

hypermorphs, however sel-10 mutants by themselves they do not have a Muv phenotype 

(Hubbard et al., 1997; Sundaram and Greenwald, 1993b).  As lrr-1 mutants have a Muv 

phenotype, we expected LRR-1 to regulate Notch signaling independently of sel-10.  Supporting 

this hypothesis, we observed that lrr-1 RNAi depletion in a sel-10 (bc243) null mutant (Jager et 

al., 2004) increased the percentage of Muv from 0% to 5.6%.  The increase in the Muv 

phenotype from the knockdown of both genes presumably results in higher levels of Notch 

signaling, suggesting that LRR-1 might function independently of SEL-10 to regulate Notch 

mediated Muv phenotype. 

Interestingly, when comparing the level of the Notch-regulated 2° cell marker lip-

1p::GFP, we observed significantly higher levels in P5.p, P6.p and P7.p cells lrr-1 mutants 

compared to wild type, while sel-10(RNAi) animals did not show a significant increase (Figure 

2.8A, B).  This suggests that loss of lrr-1 activates the Notch-regulated 2° cell fate pathway, 

while loss of sel-10 does not.  Interestingly, sel-10 RNAi increases the level of full-length LIN-

12/Notch to a higher level than is observed in lrr-1 mutants.   This suggests that even though 

both NICD and full-length LIN-12 accumulate to higher levels upon inactivation of sel-10 

compared to lrr-1 mutants, the loss of LRR-1 has a larger impact on the expression of the lip-

1p::GFP Notch reporter than the loss of SEL-10. 

We wanted to determine if the levels of other Notch target genes are also elevated in lrr-1 

mutants relative to sel-10 mutants.  We performed real-time quantitative RT-PCR on several of 

the lst genes, including lip-1.  We found that the mRNA levels of lst-2, lip-1, and dpy-23 were all 

more elevated in lrr-1 mutants than in sel-10 mutants; lst-4 was only slightly higher than wild-
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type; and lst-1 and lst-3 showed reduced mRNA levels in both lrr-1 and sel-10 mutants 

compared to the wild-type (Figure 2.9).  These results suggest that a subset of genes promoting 

2° cell fate and/or downregulating EGFR–Ras–MAPK are elevated in lrr-1 mutants.  

 

DAF-12 and CES-1 transcription factors are required for the elevated levels of lip-1p::GFP in 

lrr-1 mutants 

In Notch signaling, once the Notch receptor is cleaved by γ-secretase (Kopan and Ilagan, 2009), 

the NICD translocates to the nucleus and initiates the transcription of downstream genes.  NICD 

does not bind to genomic DNA directly, but instead binds as a heterodimer with the CSL 

(CBF1/Su(H)/LAG-1) transcription factor LAG-1, and its co-activator LAG-3 (Christensen et al., 

1996).  The lst genes (ark-1, dpy-23, lst (1-4)) are regulated by Notch signaling and were also 

shown to have LAG-1 binding sites (Berset et al., 2001; Yoo et al., 2004).  We explored the 

possibility that the lst genes that were upregulated in lrr-1 mutants share common transcription 

factor(s).  We utilized the C. elegans ChIP-seq database available from the modENCODE 

Project to obtain a list of transcription factors that are bound to the regulatory regions of the lst 

genes (www.modencode.org) (Celniker et al., 2009; Gerstein et al., 2010).  Binding of multiple 

transcription factors in homotypic clusters in the regulatory regions of eukaryotic genomes is 

associated with actively transcribed genes (Ezer et al., 2014; Gotea et al., 2010).  We focused on 

transcription factors that had more binding sites in the genes that were upregulated in lrr-1 

mutants (lip-1, lst-2, and dpy-23) relative to the genes that were unchanged or downregulated in 

lrr-1 mutants (lst-1, lst-3, lst-4).  We identified over 50 candidate transcription factors binding to 

the regulatory region of these genes (Table 2.2).  Two of the transcription factors met these 

criteria: DAF-12 had two binding sites in the regulatory regions of each of the three upregulated 
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genes but none in the downregulated genes; and the transcription factor CES-1 had more binding 

sites in the upregulated genes (7-10) and fewer in the downregulated genes (0-3). 

DAF-12 is a steroid hormone receptor that is homologous to the vertebrate vitamin-D 

receptor (Antebi et al., 2000).  The steroid hormone dafachronic acid (DA) acts as a ligand for 

DAF-12 to regulate its transcriptional activity (Antebi, 2013; Hochbaum et al., 2011).  DAF-12 

regulates heterochronic larval and adult development in part by regulating microRNAs (Antebi, 

2013).  daf-12 encodes multiple isoforms, the A1 and A3 isoforms have both DNA- and ligand-

binding domains, whereas the B isoform encodes lacks the DNA-binding domain (Antebi et al., 

2000).  We tested if DAF-12 contributes to the upregulation of lip-1p::GFP expression in lrr-1 

mutants.  RNAi depletion of daf-12 in lrr-1 mutants expressing lip-1p::GFP significantly 

reduced lip-1p::GFP expression in P5.p and P6.p (Figure 2.10A).  This suggests that DAF-12 

contributes to the upregulation of lip-1 expression in lrr-1 mutants. 

ces-1 (cell death specific-1) encodes a Snail family Zinc-finger protein that (Metzstein 

and Horvitz, 1999; Roark et al., 1995) promotes neuronal cell fates and prevents the cells from 

undergoing programmed cell death (Ellis and Horvitz, 1991).  We did not see detectable ces-

1p::ces-1::yfp expression in the VPCs, suggesting that its expression is very low in these cells 

(data not shown).  Nevertheless, ces-1 RNAi in lrr-1 mutants significantly reduced lip-1p::GFP 

levels in all three VPCs. (Figure 2.10B).  A double RNAi depletion of daf-12 and ces-1 (RNAi) 

in lrr-1 mutants resulted in elimination of the elevated lip-1p::GFP levels in P6.p cells, and 

modestly decreased the levels in P5.p and P6.p relative to the individual RNAi depletions (Figure 

2.10C).  This suggests that in lrr-1 mutants, both daf-12 and ces-1 are required for the increased 

expression of the Notch target gene lip-1.   
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DAF-12::GFP protein levels are increased in VPCs in lrr-1 mutants, but daf-12 mRNA levels 

are unchanged 

DAF-12::GFP is localized primarily to the nucleus and is widely expressed in multiple tissues 

(Antebi et al., 1998; Antebi et al., 2000).  In the vulva, daf-12p::daf-12::GFP is expressed in 

VPCs in the L2 stage at the Pn.px and Pn.pxx stage and then proceeds to fade in the adult vulva 

(Antebi et al., 2000).  DAF-12::GFP expresses at approximately equal levels in the VPCs (Figure 

2.11).  lrr-1 RNAi depletion causes a significant increase in DAF-12::GFP levels in P5.p, P6.p 

and P7.p (Figure 2.11A).  Since daf-12p::daf-12::GFP is a fosmid containing the daf-12 

regulatory region, we wanted to determine whether the increase in daf-12 levels was due to an 

increase in daf-12 mRNA levels.  We performed real-time quantitative RT-PCR and saw no 

change in the daf-12 mRNA levels in lrr-1 mutants versus wild type (Figure 2.11B).  Therefore, 

the changes in DAF-12::GFP levels in lrr-1 can be attributed to a post-transcriptional increase in 

DAF-12::GFP protein levels.  In an attempt to address if LRR-1, as part of the CRL2LRR-1 

complex, targets the degradation of DAF-12, we asked whether LRR-1 can bind to DAF-12.  We 

expressed myc-tagged DAF-12 protein with FLAG-tagged LRR-1 in human HEK293T cells to 

assess interaction by co-immunoprecipitation.  However, we were unable to detect physical 

interaction in this assay (data not shown). 

 

Discussion 

We describe CRL2LRR-1 as a new negative regulator of LIN-12/Notch signaling pathway.  Loss of 

LRR-1 leads to an impenetrant (1%) multivulva phenotype, which is exacerbated in sensitized 

genetic backgrounds that increase LIN-12 activity.  For example, in a lin-12 mild gain-of-

function mutant, lrr-1 RNAi increases the percentage of Muv animals from 7% to 25%, and in 



 

 61 

combination with sel-10 (null) mutants the Muv percentage increases to 5%.  Similarly, loss of 

the Notch effectors lst-2, lst-3, lst-4 and dpy-23 can suppress the Muv phenotype in lrr-1 mutants.  

The increase in Notch activity in lrr-1 is reflected in higher expression of the Notch reporter lip-

1p::gfp in all three VPCs.  Loss of lrr-1 increases the levels of both full-length LIN-12/Notch 

and LIN-12 NICD.  Although cul-2 mutants do not show a Muv phenotype, cul-2 (RNAi) 

increases NICD::GFP expression similar to that in lrr-1(RNAi) animals (data not shown), thereby 

establishing a connection between the mutant phenotypes of lrr-1 and cul-2.   

Although not significant, daf-12 and ces-1 RNAi showed slight reduction in lip-1p::GFP 

levels in P5.p and P7.p in wild-type animals.  DAF-12 and CES-1 has binding sites in the 

regulatory region of lst-2, lst-4 and dpy-23, the other Notch targets whose mRNA levels are also 

upregulated in lrr-1 mutants.  Further investigation needs to be done to demonstrate whether daf-

12 and ces-1 RNAi can also inhibit mRNA levels of these genes in wild-type as well as in lrr-1 

mutants.  The function of both DAF-12 and CES-1 transcription factors inhibiting the levels of 

the Notch target gene lip-1 in lrr-1 mutants, demonstrates an added layer of regulation in the 

Notch signaling pathway 

LIN-12/Notch is regulated by the feedback mechanism in C. elegans during the AC-VU 

cell fate decision (Greenwald et al., 1983; Wilkinson and Greenwald, 1995), where the HLH-2 

transcription factor (the basic helix-loop-helix ortholog of the mammalian E2A) plays a key role 

in deciding which cell becomes the AC (Sallee and Greenwald, 2015).  LIN-12 activation causes 

downregulation of HLH-2, which is necessary to inhibit lag-2 transcription in the same cell, 

making it the AC cell (Sallee and Greenwald, 2015).  lin-12 is not yet known to be 

transcriptionally regulated in the VPCs, as a lin-12 transcriptional reporter is expressed in all 

VPCs at equal levels from the L2 through the L3 stage (Wilkinson and Greenwald, 1995). 
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However, other mechanisms might exist whereby LIN-12/Notch receptor is stabilized at the 

protein level by the activity of its downstream target genes.   

Although SEL-10 degrades NICD (Hubbard et al., 1997) and upregulates full-length 

LIN-12/Notch receptor levels in the VPC (Shaye and Greenwald, 2002), sel-10 mutants do no 

exhibit a Muv phenotype on their own (Hubbard et al., 1997; Jager et al., 2004) but can 

exacerbate lin-12 gain-of-function phenotypes (Hubbard et al., 1997).  On the other hand lrr-1 

displays a Muv phenotype on its own as well as displays both high levels of NICD and LIN-12 

full-length receptor.  Moreover, lrr-1 displays higher transcript levels of the Notch 

transcriptional target genes lst-2, lst-4, lip-1 and dpy-23 compared to sel-10.  These results imply 

that LRR-1 acts downstream of SEL-10, at the level of regulating Notch gene transcription, 

which in turn may work to stabilize LIN-12 full-length as well as NICD protein levels in the 

VPCs of lrr-1 mutants.  Notch is known to positively regulate itself in several cancerous cell 

lines.  Mutations in the C-terminal domain of Notch that prevent NICD degradation, are often 

found together with mutations in Fbw7 (human homolog of SEL-10) in T-cell acute 

lymphoblastic leukemia (T-ALL) (O'Neil et al., 2007; Thompson et al., 2007).  In T-ALL cell 

lines, the Notch homolog NICD-3 mediated activation of the micro RNA mir-233 was shown to 

repress Fbw7 levels (Borggrefe et al., 2016; Kumar et al., 2014).  Interestingly, a direct Notch1 

transcriptional target called Prolyl isomerase 1 (Pin1) was shown to positively reinforce Notch 

signaling in breast cancer cells by enhancing the γ-secretase mediated cleavage of Notch1 

resulting in an increase in Notch1-ICD levels (Rustighi et al., 2009).  Pin1 was shown to directly 

bind to phosphorylated Notch1 at conserved serine/threonine rich (STR) region to possibly bring 

about a conformational change in the Notch1 receptor so that γ-secretase can efficiently cleave it 

and release NICD1 (Rustighi et al., 2009).  Notch regulates a plethora of target genes during 
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development, and in certain cases such as in tumorigenic cells, Notch target genes enhance 

Notch activity to continue a feed-forward cycle (Borggrefe et al., 2016; Rustighi et al., 2009).  

Identification and understanding the players in these feed-forward pathways will have 

tremendous implications in human cancer therapeutics.  
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Figure 2.1  A simplified diagram of the signaling events that pattern the C. elegans vulval 

development and lrr-1 (tm3543) multivulva (Muv) phenotype.   (A) Ras and Notch signaling 

regulate the vulval fate patterning.  The inductive signal from AC is an epidermal growth factor 

(EGF)-like signal LIN-3.  LIN-3 upregulates the Ras pathway in P6.p making it the 1º cell.  Ras 

leads to transcription of Notch ligands that activate the LIN-12/Notch pathway in P5.p and P7.p 

making them 2º cells.  Ras downregulates LIN-12/Notch in the 1º cells and LIN-12/Notch 

downregulates Ras in the 2º cells.  P3.p, P4.p and P8.p assume 3º cell fates (white).  (B) DIC 

image of an adult lrr-1 (tm3543) homozygous animal showing 2 vulval protrusions (white 

arrowheads).  
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Figure 2.2  1º cell fate marker egl-17p::CFP expression in lrr-1(tm3543) is similar to wild 

type.   (A) Schematic diagram of the wild-type expression pattern of the 1º cell marker egl-

17p::CFP.  In response to the graded inductive signal during early L3 larval stage, egl-17p::CFP 

expresses strongly in P6.p and weakly in P5.p and P7.p.  Later, during the mid-L3 larval stage, 

expression of egl-17p::CFP disappears in P5.p and P7.p but persists in P6.p and its descendants.  

(B) DIC (top panels) and fluorescent (bottom panels) images showing egl-17p::CFP wild-type 

expressions (left panels) and in lrr-1(tm3543) mutant (right panels) in the Pn.px-stage VPC 

lineage cells.  egl-17p::CFP expresses only in P6.p descendent cells but not in P5.p and P7.p 

descendants.  Scale bar represents 20 µM for all panels.  (C) Quantification of egl-17p::CFP 

expression (arbitary units, a.u.) in P6.p cells in wild type and lrr-1(tm3543) mutants.  For all 
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figures: error bars indicate standard error of the mean; asterisks indicate significance compared 

to wild type, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ns = no significance, P>0.05; statistical 

methods are described in Materials and Methods section. 
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Figure 2.3  2º cell fate marker lip-1p::GFP expression is elevated in lrr-1(tm3543) mutants.   

(A) Schematic diagram of the wild-type expression pattern of the 2º cell marker lip-1p::GFP.  

lip-1p::GFP expresses at low levels in all three VPC  (Berset et al., 2001).  After the inductive 

signal, the expression in P6.p disappears but persists in P5.p and P7.p and their descendants.  lip-

1p::GFP also expresses in the daughters of P3.p, P4.p and P8.p after they fuse with the hyp7.  (B) 

DIC (top panels) and fluorescent images (bottom panels) showing lip-1p::GFP in wild-type (left 

panels) and in lrr-1(tm3543) (right panels) animals at Pn.p and Pn.px stage with lip-1p::GFP 

expression.  P6.p and its descendants show persistent and elevated levels of lip-1p::GFP in lrr-

1(tm3543).  Although not obvious in this image, wild-type animals do have faint expression of 

lip-1p::GFP in the P4.p and P8.p cells (P3.p not in frame for either wild-type or lrr-1 mutants).  

Scale bar represents 20 µM for all panels.  (C) Quantification of lip-1p::GFP expression in P5.p, 

P6.p and P7.p cells in wild type and lrr-1(tm3543).  An average of Pn.pa and Pn.pp is shown for 

each of the three VPCs in arbitrary units (a.u).  
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Figure 2.4  Localization and expression of the full-length LIN-12/Notch protein is elevated 

in P6.p in lrr-1(RNAi) animals.   (A) The level of a lin-12 promoter driven full-length LIN-

12/Notch protein expression using the transgene lin-12p::LIN-12::GFP, is seen at the apical 

membrane of the P5.p, P6.p and P7.p descendants in wild-type and lrr-1 (RNAi) animals.  lrr-

1(RNAi) animals (bottom panel) have elevated levels of lin-12p::LIN-12::GFP in P6.p compared 

to wild-type (top panel).  White asterisks indicate lin-12p::LIN-12::GFP expression in the uterus.  

(B) Quantification of lin-12p::LIN-12::GFP expression at the apical membrane of P5.p, P6.p and 

P7.p cells in wild-type (WT) and lrr-1(RNAi) animals.  
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Figure 2.5 Expression of bar-1p:: NICD::GFP is elevated in P6.p in lrr-1(RNAi) animals.   

(A) Schematic diagram of the wild type expression pattern of bar-1p::NICD::GFP.  bar-

1p::NICD::GFP expresses at low levels in all three VPC at early L3 stage.  After the inductive 

signal, the expression in P6.p disappears but persists in P5.p and P7.p and their descendants 

(Nusser-Stein et al., 2012).  (B) Fluorescent images showing bar-1p::NICD::GFP expression in 

Pn.px cells from wild type (top panel) and lrr-1(RNAi) mutants (bottom panel).  NICD 
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expression is driven by the bar-1 promoter, which has uniform expression in the three VPCs.  

P6.p descendants in lrr-1(RNAi) mutants show persistent elevated levels of NICD::GFP.  (C) 

Quantification of bar-1p::NICD::GFP expression in P5.p, P6.p, and P7.p cells in wild type and 

lrr-1(RNAi) mutants.   
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Figure 2.6.  Inactivation of lrr-1 does not further increase bar-1p::NICD::GFP levels in sel-

10(null) mutants.   Quantification of bar-1p::NICD::GFP expression in the descendants of P5.p, 

P6.p and P7.p in control RNAi and lrr-1 RNAi in sel-10(bc243) mutants.  Loss of lrr-1 does not 

increase bar-1p::NICD::GFP levels in the VPCs of sel-10 mutants.  NICD expression is driven in 

all VPCs using a bar-1 promoter (Nusser-Stein et al., 2012).  
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Figure 2.7  The NICD C-terminal domain is required lrr-1(RNAi) to increase NICD levels.   

Quantification of bar-1p::NICD::GFPΔCT levels in control and lrr-1 (RNAi) animals.  

NICD::GFPΔCT contains a C terminal deletion of 87 amino acids which includes the PEST 

domain.  NICD::GFPΔCT expression is driven in the VPCs with a bar-1 promoter (Nusser-Stein 

et al., 2012).  Loss of lrr-1 does not increase bar-1p::NICD::GFPΔCT levels compared to control 

animals.  
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Figure 2.8  lrr-1 mutants have elevated levels of lip-1p::GFP while sel-10(RNAi) animals do 

not.   (A) DIC (left panels) and fluorescent (right panels) images of wild-type, lrr-1 mutants and 

sel-10 (RNAi) animals expressing lip-1p::GFP.  Scale bar for all the images are 20 µM.  (B) 

Quantification of lip-1p::GFP expression in the descendants of P5.p, P6.p and P7.p VPCS in wild 

type, lrr-1(tm3543), and sel-10 (RNAi).   
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Figure 2.9  mRNA levels of lst genes are upregulated in lrr-1(tm3543).   mRNA levels of L3-

stage wild type, lrr-1(tm3543) mutants, and sel-10 (bc243) mutants as determined by qRT-PCR.  

Endogenous levels of lst-2, lst-4, lip-1 and dpy-23 (A) and lst-1 and lst-3 (B) were measured by 

qRT-PCR.  Fold difference are relative to wild-type levels, which are set to 1 for each gene.  
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Figure 2.10  daf-12 and ces-1 RNAi reduce the elevated levels of lip-1p::GFP in lrr-

1(tm3543).   Quantification of lip-1p::GFP expression in the descendants of P5.p, P6.p and P7.p 
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in wild type and lrr-1(tm3543) with control and daf-12 RNAi (A), or control and ces-1 RNAi (B) 

and (C) control and daf-12 + ces-1 double RNAi.  (A) daf-12 RNAi reduces the levels of lrr-1; 

lip-1p::GFP significantly in P5.p and P6.p compared to control RNAi.  (B) ces-1 RNAi reduces 

the levels of lrr-1; lip-1p::GFP significantly in P5.p, P6.p and P7.p compared to control RNAi.  

(C) Double knockdown of daf-12 and ces-1 (RNAi) in lrr-1; lip-1p::GFP further reduces lip-

1p::GFP levels in P6.p.  
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Figure 2.11  daf-12p::DAF-12::GFP expression is elevated in all three VPCs in lrr-1(RNAi).   

(A) Quantification of daf-12p::DAF-12::GFP expression levels in the descendants of P5.p, P6.p 

and P7.p in control and lrr-1 RNAi treatments.  daf-12p::DAF-12::GFP is uniformly expressed 

in all three VPCs in control RNAi animals, and the levels are significantly elevated lrr-1 (RNAi) 

animals.  (B) daf-12 mRNA levels of L3-stage wild type and lrr-1(tm3543) mutants measured by 

qRT-PCR.  daf-12 mRNA levels are statistically unchanged in lrr-1 mutants compared to wild-

type.  
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Table 2.1: Genetic interaction between lrr-1 and mutants in the Notch and Ras pathway.  

 

Genotype RNAi Vul (%) Muv (%) n P value 

gap-1(ga133) - 0 0 200  

gap-1(ga133) lrr-1 0 2 150 § 

ark-1(n3701) - 0 0 200  

ark-1(n3701) lrr-1 0 1.4 290 § 

sli-1(n3538) - 0 0 200  

sli-1(n3538) lrr-1 0 0 200 § 

lrr-1(tm3543) - 0 0.9 700  

lrr-1(tm3543) unc-101 0 0 100 § 

lrr-1(tm3543) lst-2  0 500 <0.05 

lrr-1(tm3543) lst-3  0.35 285  

lrr-1(tm3543) lst-4  0.1 700 <0.05 

lrr-1(tm3543) dpy-23  0 185 § 

let-23(sy1) - 90 0.8 125  

let-23(sy1) lrr-1 76 4.8 250 <7 x 10-11 

let-60(n1046); mpk-1(n2521) - 0 1 200  

let-60(n1046); mpk-1(n2521) lrr-1 0 11.5 250 <1x10-56 

lin-12(n302) - 80.4 7.5 175  

lin-12(n302) lrr-1 70 24.9 107 <2x10-20 

sel-10(bc243) - 0 0 130  

sel-10(bc243) lrr-1 0 5.6 282 <3 x 10-31 

 

§: More replicates will be obtained for statistical significance for publication. 
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Table 2.2: Transcription factors identified from modENCODE ChIP-seq database.  

 

 Number of transcription factor binding sites in each lateral signal target (lst) 

gene 

Transcription 

factors 

LST-1 LST-3 LST-4 LIP-1 LST-2 DPY-23 

AHA-1 0 3 3 2 1 1 

ALR-1 1 1 1 11 2 2 

ALY-2 0 7 6 13 9 10 

AMA-1 2 9 6 2 3 1 

BLMP-1 4 2 2 10 2 2 

C01B12.2 0 5 3 6 6 9 

C16A3.4 1 3 3 0 3 6 

CEH-14 1 1 1 0 3 3 

CEH-26 2 3 3 2 4 6 

CEH-30 1 3 4 3 2 4 

CES-1 0 2 3 7 7 10 

DAF-12 0 0 0 2 2 2 

DAF-16 6 2 3 3 2 3 

DPL-1 7 18 15 18 14 17 

DPY-27 0 0 0 0 2 4 

EFL-1 5 7 11 6 5 7 

EGL-27 0 2 2 3 2 2 

EGL-5 2 4 4 9 4 5 

ELT-3 2 1 1 2 1 2 

EOR-1 13 12 10 33 23 35 

F16B12.6 0 2 2 0 1 1 

F45C12.2 0 7 7 17 12 16 

FOS-1 11 11 11 20 13 21 

GEI-11 0 7 10 15 5 12 

HLH-1 2 1 1 2 1 3 

HLH-8 3 0 1 3 3 3 

HPL-2 2 2 2 7 3 6 
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LIN-11 0 2 2 0 2 2 

LIN-13 2 2 2 0 2 5 

LIN-15B 0 9 9 5 5 7 

LIN-35 2 6 5 8 8 14 

LIN-39 0 2 2 7 5 8 

MAB-5 2 2 2 2 4 8 

MDL-1 2 3 3 7 5 7 

MEF-2 0 2 2 2 2 2 

MEP-1 3 2 3 2 3 5 

NHR-116 1    2  

NHR-11 6 2 2 2 3 3 

NHR-28 0 3 3 7 3 8 

NHR-6 3 3 3 5 4 4 

NHR-77 1 17 11 20 17 29 

PES-1 33 4 4 0 5 9 

PHA-4 1 12 11 24 23 33 

PQM-1 2 1 1 2 3 2 

R02D3.7 1 8 8 7 6 12 

SEA-2 2 1 1 0 1 1 

SKN-1 6 2 2 5 2 2 

UNC-130 4 5 1 16 10 10 

UNC-62 0 4 5 8 3 3 

W03F9.2 4 6 4 12 13 13 

ZAG-1  8 7 24 8 14 

ZK377.2   6 0  4 
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CHAPTER 3 

BACTERIAL FOLATES PROVIDE AN EXOGENOUS SIGNAL FOR C. ELEGANS 

GERMLINE STEM CELL PROLIFERATION 1 
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Summary 

Here we describe an in vitro primary culture system for C. elegans germline stem cells. 

This culture system was used to identify a bacterial folate as a positive regulator of germ 

cell proliferation. Folates are a family of B-complex vitamins that function in one-carbon 

metabolism to allow the de novo synthesis of amino acids and nucleosides. We show that 

germ cell proliferation is stimulated by the folate 10-formyl-tetrahydrofolate-Glun both in 

vitro and in animals. Other folates that can act as vitamins to rescue folate deficiency lack 

this germ cell stimulatory activity. The bacterial folate precursor dihydropteroate also 

promotes germ cell proliferation in vitro and in vivo, despite its inability to promote one-

carbon metabolism. The folate receptor homolog FOLR-1 is required for the stimulation of 

germ cells by 10-formyl-tetrahydrofolate-Glun and dihydropteroate. This work defines a 

folate and folate-related compound as exogenous signals to modulate germ cell 

proliferation. 
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Introduction 

Animal germ stem cells (GSCs) are adult stem cell populations that provide reproductive cells to 

allow species propagation. C. elegans hermaphrodite GSCs proliferate in adult stem cell niches 

located in the distal regions of the two gonad arms (Hansen and Schedl, 2013). Primary cultures 

of C. elegans germ cells have not been previously reported. C. elegans embryonic cells can be 

cultured, but not propagated, in an L-15-based culture medium (Christensen et al., 2002). In this 

study, we describe a primary culture system for C. elegans germ cells that utilizes a culture 

medium with substantially different characteristics than L-15 medium. The in vitro culture 

system allows the analysis of relatively pure populations of germ cells that are isolated from 

germline tumorous mutant strains. Two external signals, Notch and Insulin/IGF-like, are known 

to promote the proliferation of GSCs (Hansen and Schedl, 2013; Michaelson et al., 2010). We 

used the in vitro culture system to identify bacterial folate as a new signal that promotes GSC 

proliferation. 

 Folates are a group of B vitamins whose canonical role is in one carbon transfer for the de 

novo synthesis of: thymidine; purines; methionine, and the methyl donor S-adenosylmethionine 

(Selhub, 2002) (Fig. 3.1A). Folates comprise moieties of a pteridine ring, para-aminobenzoic 

acid (PABA), and one or more glutamate residues (Glun) in g-linkages to the terminal glutamate 

(Fig. 3.1B). Folates differ from each other by: 1) the states of oxidation of the pteridine ring, i.e. 

dihydrofolate, DHF, or tetrahydrofolate, THF; 2) modification of the 5- and 10- position of the 

pteridine ring by substitution with formate (5-formyl-, 10-formyl-, and 5,10-methenyl-THF), 

formaldehyde (5,10-methylene-THF), or methanol (5-methyl-THF); and 3) the number of 

glutamate residues (Fig. 3.1B,C). The three forms of formylated THF are interconvertible: 5,10-
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methenyl-THF, which is stable at acid pH (1.5-2.6), is converted to 5-formyl-THF at pH 4.0-5.5 

and to 10-formyl-THF at neutral and higher pH, and vice versa (Stover and Schirch, 1992). 

 In mammals, there are three types of folate transporters. The reduced folate carrier, RFC, is 

a low-affinity, high-capacity transporter that brings folates into all cells of the body (Matherly et 

al., 2007). The proton-coupled folate transporter, PCFT, functions at low pH to transport folates 

from acidic pH environments, such as the mammalian small intestine (Desmoulin et al., 2012). 

Folate receptors, FRs, are high-affinity, low-capacity transporters that have been shown to 

function in the transcytosis of folates across polarized cell barriers (Grapp et al., 2013; 

Henderson et al., 1995; Selhub et al., 1987). 

 Folates are synthesized by bacteria, plants, fungi, and certain protozoa and archaea (Rossi 

et al., 2011). Folates cannot be synthesized de novo by animals, and hence are classified as 

vitamins that must be obtained from the animal's diet or microbiota. As is true for other animals, 

C. elegans requires folates for one-carbon metabolism. Inactivation of the C. elegans RFC 

homolog FOLT-1/RFC results in severely reduced germ cell numbers and sterility (Austin et al., 

2010). 

 Our work demonstrates that a specific bacterial folate and pteroate (a folate-related 

compound) stimulate germ cell proliferation in a manner that can be distinguished from the 

canonical role of folates in one-carbon metabolism. 

 

Experimental Procedures 

CeM1 medium preparation 

CeM1 medium was prepared with the ingredients listed in Table 3.S1. CeM1 was sterile filtered 

through 0.22 µm 150 ml filter units (Millipore). Three sequential treatments were performed on 
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the FBS prior to its inclusion in CeM1: heat inactivation; and treatments with Amberlite IRA 

400-CL and charcoal-dextran (see Supplemental Experimental Procedures). 

 

Germ cell isolation and primary culture 

To obtain synchronous adult germline tumorous mutants, eggs were isolated by sodium 

hypochlorite treatment (Sulston and Hodgkin, 1988). The eggs were transferred to a 3xNGM 

plate (an NGM agar plate (Sulston and Hodgkin, 1988) with 3x peptone concentration) with a 

lawn of OP50 bacteria and grown at 25°C for four days to ensure that all animals became adults 

with germline tumors. The animals were washed four times with M9 salt solution (Sulston and 

Hodgkin, 1988) in 15 ml polystyrene tubes (Falcon) to remove live bacteria and transferred to a 

12.5 cm2 cell culture flask (Corning) containing 2.5 ml of M9 solution supplemented with: heat-

killed OP50 bacteria; 200 units penicillin and 0.2 mg streptomycin per ml); 25 µg/ml tetracycline 

(Sigma-Aldrich, 87128); 34 µg/ml chloramphenicol (Research Products International); 50 µg/ml 

kanamycin; 0.02% normocin; and 5 µg/ml cholesterol. Animals were incubated overnight in the 

antibiotic-supplemented M9 solution. The next day, animals were washed four times with 

phosphate buffered saline (PBS) in 15 ml polystyrene tubes, washed one time with CeM1, and 

then resuspended in 2 ml of CeM1 in a 35 mm tissue culture dish (Falcon). Animals were 

transferred with a platinum wire to a 120 µl spot of CeM1 in another 35 mm culture dish. Germ 

cells were released by cutting animals into quarters using 31 gauge needles (Becton Dickinson). 

Cells were collected with three sequential washes with 1 ml of CeM1, collected into a 15ml 

polypropylene tube and spun at 300-1000 rpm for 1 min to pellet body parts and large cell 

aggregates. The supernatant was transferred to a new 15 ml tube and spun at 2000 rpm for 5 min 

to pellet individual cells. The cells were resuspended in full CeM1 (unless otherwise stated) and 
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transferred to a tissue culture dish. If multi-well tissue culture dishes were used, the outer wells 

were filled with PBS to keep the inner wells humidified, then sealed with parafilm to prevent 

loss of moisture, and incubated at 25°C. 

 

Bacterial Extract 

Bacteria were grown overnight in 2xYT medium that was either unsupplemented for OP50, or 

supplemented with 25 µg/ml tetracycline for HT115, or 100 µg/ml streptomycin for DA1877. 

The bacteria were collected by centrifugation at 4000 rpm for 30 min at 4°C, washed two times 

with sterile 0.9% NaCl, and the bacterial pellet was frozen at -80°C. Bacterial pellets were 

lyophilized under vacuum at room temperature. Crushed bacterial pellet was added at 0.08 g/ml 

to folate-extraction buffer (1% Na ascorbate, 20 mM phosphate buffer, pH 6.5), vortexed, and 

rotated at room temperature in the dark for 1 hr. The bacteria were spun out in a microcentrifuge 

at 13,300 rpm for 15 min. The supernatant was transferred to a new microcentrifuge tube and 

extracted once with 1:1 phenol:choloroform and three times with chloroform to remove proteins; 

spun out and transferred to a new tube to remove any residual chloroform, and then sterile 

filtered using a 0.2 µm syringe filter. The bacterial extract used in Fig. 3.2E was prepared with 

water instead of folate-extraction buffer and was used immediately after preparation. 

 

Tumor frequency assay 

Eggs isolated by sodium hypochlorite treatment were placed on 1x NGM plates seeded with live 

bacteria or heat-killed OP50 bacteria with the indicated experimental additives. Assays with live 

bacteria were performed at the semi-permissive temperature of 18°C; assays with heat-killed 

bacteria were performed at 20°C. L4-stage animals were transferred onto fresh plates, and the 
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percentages of adult animals with tumors were scored two days later by observation with a 

dissecting microscope. Tumor frequency assays were performed in triplicate with ~100 animals 

per replicate. Several tumor frequency assays were performed blind, including Figs 3.6B, 3.7D, 

3.S5E, and 3.S5F. The supplements trimethoprim (cat. no. 92131) and PABA (100536) were 

from Sigma-Aldrich; vitamin B12 (103278) was from MP Biomedicals. 

 

Counts of live isolated germ cells 

Counts of live isolated germ cells were performed with the live-cell stain calcein-AM and dead-

cell stain ethidium homodimer (Zhang et al., 2011). The numbers of live cells were obtained by 

counting cells stained with 1 µM calcein-AM (Sigma-Aldrich, C1359), 0.1 µM Ethidium 

homodimer (Sigma-Aldrich, E1903), and with or without 2 µg/ml Hoechst 33342 (Sigma-

Aldrich, B2261). A minimum of three counts were made for each sample using a cellometer 

counting grid (CP2, Nexcelom Bioscience LLC) analyzed with an inverted fluorescence 

microscope (Zeiss Axio Observer.A1); cell count variation is presented as SEM. Typically, germ 

cells were isolated from 25 adult hermaphrodites for 0.5 ml/well of a 24-well plate. 

 

Counts of germ cells in mid-L4-stage larvae 

Counts of germ cells in mid-L4-stage larvae were performed with animals fixed with 95% 

ethanol for 10 min as described (Killian and Hubbard, 2005), and then stained with 2 µg/ml 

Hoechst 33342 in PBS. Germ cell counts were performed blind, with the identity of the treatment 

masked. The germ cells in one gonad arm per animal were counted. Mid-L4-stage larvae were 

identified based on vulva morphology. Larvae selected for germ cell counts had vulva 

morphologies categorized as L4.1 to L4.3 on the L4.0–L4.9 vulval morphology scale that has 
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been previously defined (Mok et al., 2015). For Fig. 3.7B, between 9 and 17 animals were 

analyzed per condition. 

 

EdU-incorporation assay 

Isolated germ cells from glp-1(gf); cki-2; daf-16 mutant adults were incubated in 80 µl of CeM1 

in a 96-well plate, with the germ cells from approximately eight adults per well. 24 hr post-

isolation, EdU was added to a concentration of 20 µM. At 48 hr post-isolation, cells were 

harvested and processed with the Click-iT Alexa Fluor 488 Imaging kit (Life Technologies), 

according to the manufacturer’s instructions. Cells were subsequently stained with 2 µg/ml 

Hoechst 33342 DNA stain and analyzed by fluorescence microscopy for EdU staining of DNA, 

with images of EdU Alexa Fluor 488 staining taken initially, and then images of Hoechst 

staining taken subsequently. Typically, 150-200 cells were counted for each condition. 

 

Folate analysis 

Folates for chromatography analysis were prepared as follows. Lyophilized bacteria were 

resuspended at a concentration of 0.09-0.1 mg/ml in folate-extraction buffer (2% sodium 

ascorbate, 0.05 M 2-mercaptoethanol), boiled for 15 min, then spun in a centrifuge at 30,000xg 

for 30 min to remove insoluble components. Aliquots (2 ml) of the supernatants were mixed with 

18 ml of potassium phosphate buffer containing 1% sodium ascorbate. Purified folates were 

isolated by passage through affinity columns (2.4 ml bed volume) containing purified milk 

folate-binding protein which was immobilized to a Sepharose matrix (Selhub et al., 1980).  

 For HPLC detection of folate species, 250 µl of the purified folate was mixed with 1% 

sodium ascorbate, 0.01 M potassium phosphate pH 7.5. A 0.9 ml aliquot was injected into a 
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4.6x250 mm Betasil Phenyl analytic column and eluted under acid conditions using acetonitrile 

gradient and detection by UV, fluorescence, and electrochemical signals (Bagley and Selhub, 

2000) (data not shown). The use of multisignaling allowed better identification of the various 

peaks that were eluted from the column. 

 The microbial assay was used to determine folate concentration. Purified extract was 

treated with conjugase using the tri-enzyme system, as described (Poo-Prieto et al., 2006), and 

folate was then analyzed using 96 well plates, as described (Tamura et al., 1990). 

 

Statistical analysis 

Two-tailed Student's t-test was used to analyze the three replicates of tumor frequencies, the data 

for mitotic index, numbers of germ cell nuclei per proliferative zone, egg numbers per animal, 

and the number of germ cells per gonad arm. The chi-squares test was used to analyze the 

percentages of EdU positive cells. The nonparametric Mann-Whitney test was used to analyze 

the number of phosphohistone H3 positive cells per gonad arm. All error bars reflect standard 

error of the mean (Sempere et al.). 

Additional methods are provided in the Supplemental Information. 

 

Results 

Cellularization of tumorous germ cells 

In an effort to understand the regulation of GSC survival and proliferation, we sought to create a 

primary culture system for C. elegans germ cells. Wild-type germ cells are syncytial (Hansen 

and Schedl, 2013) and therefore cannot be isolated as viable cells. We found that germ cells can 

be isolated from the tumorous germline mutant strain glp-1(ar202); cki-2(ok2105); daf-16(mu86) 
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(hereafter glp-1(gf); cki-2; daf-16) (Fig. 3.2A). Staining with the dye calcein-AM shows that the 

cells have intact plasma membranes, as calcein-AM is converted by cellular esterases to a 

fluorescent form that is unable to cross intact plasma membranes (Fig. 3.2A).  

 To determine the percentage of germ cells among the isolated cells, we compared the 

number of germ cells isolated from glp-1(gf); cki-2; daf-16 mutants and wild-type adult 

hermaphrodites. Wild-type germ cells are not cellularized and therefore would not survive in 

culture. glp-1(gf); cki-2; daf-16 mutants have increased numbers of germ cells, but appear to 

have approximately the same number of somatic cells as wild type. Therefore, any significant 

increase in the number of isolated cells from glp-1(gf); cki-2; daf-16 mutants can be attributed to 

germ cells. glp-1(gf); cki-2; daf-16 mutants released an average of 6023 ± 196 live cells per adult 

hermaphrodite, while wild type released an average of 37 ± 10 live cells per adult hermaphrodite 

(n = 3 and n = 6 sets of 25 animals, respectively). These results suggest that over 99% of the glp-

1(gf); cki-2; daf-16 isolated cells are germ cells. 

 The glp-1(gf); cki-2; daf-16 strain contains: a temperature-sensitive, gain-of-function (gf) 

allele of the Notch receptor GLP-1, which promotes germ cell proliferation at the non-permissive 

temperature (Pepper et al., 2003); and loss-of-function mutations of the CDK-inhibitor CKI-2 

and the FOXO transcription factor DAF-16, both of which inhibit GSC proliferation 

(Kalchhauser et al., 2011; Michaelson et al., 2010). In glp-1(gf); cki-2; daf-16 mutants, germ cell 

proliferation is not constrained to the distal stem cell niche but occurs throughout the gonad. This 

is demonstrated by the presence of cells in mitosis throughout the gonad, as shown by 

immunofluorescence staining with the mitotic marker anti-phosphohistone H3 (Ser10) antibody 

(Hendzel et al., 1997) (Fig. 3.S1). The addition of cki-2(lf) and daf-16(lf) mutations to the glp-

1(ar202) mutation produced more mitotic proliferation, as demonstrated by the significantly 
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decreased region of the gonad in which the meiotic marker HIM-3 is present relative to glp-

1(ar202) mutants alone (Hansen et al., 2004) (Fig. 3.S1). 

 

Development of an in vitro culture medium for C. elegans germ cells 

Embryonic C. elegans cells can be maintained, but not propagated, in L-15-based cell culture 

medium (Christensen et al., 2002). We observed that isolated germ cells die rapidly in the L-15 

medium (Fig. 3.2B). After carrying out a systematic analysis of culture medium components, we 

prepared a medium optimized for germ cell culture called CeM1 (C. elegans medium 1) (Table 

3.S1). Cell survival in CeM1 was extended relative to L-15 medium by altering: the base 

medium (3:1 Schneider’s insect:L-15 medium); fetal bovine serum (FBS) concentration (8%); 

heat-inactivation of FBS at 65°C for 30 min; osmolality (390 mOsm/kg); and pH (6.5) (Fig. 

3.S2). Additionally, the following CeM1 components contribute to germ cell survival: reduced 

L-glutathione; RPMI vitamins; the sugar trehalose; and cholesterol and heme, for which C. 

elegans are auxotrophic (Rao et al., 2005; Shim et al., 2002) (Fig. 3.2C). 

 We tested different FBS lots and observed a partial negative correlation between the levels 

of thyroxine (Atlanta Biologicals data sheets) and the ability of the FBS to support germ cell 

viability (data not shown). Steroid hormones, such as thyroxine, can be removed by exposing 

FBS to the anion-exchange resin Amberlite IRA 400-CL and charcoal-dextran (Leake et al., 

1987; Wiedemann et al., 1972). Treatment of FBS with both reagents significantly increased 

germ cell survival (Fig. 3.2D). The full CeM1 medium can maintain the viability of a majority of 

isolated germ cells for a period of one month (Fig. 3.2). 
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Bacteria can differentially stimulate C. elegans germ cell proliferation 

We considered the possibility that C. elegans' major dietary component, bacteria, could regulate 

germ cell proliferation. To test this, we created a bacterial extract of the Escherichia coli K-12 

strain HT115(DE3) (hereafter HT115), which is used for feeding RNAi (Timmons and Fire, 

1998). Addition of HT115 bacterial extract to CeM1 medium increased the number of germ cells 

over the first three days in culture, suggesting that bacterial component(s) induce germ cell 

proliferation (Fig. 3.2E). Heat-inactivation of the bacterial extract (60°C for 30 min) did not 

affect its ability to induce transient proliferation, suggesting that the active compound(s) are not 

particularly heat-sensitive (Fig. 3.2E). 

 In laboratory settings, C. elegans is propagated on a monoxenic diet of a single bacterial 

species. To assess the effects of extracts from different bacteria, we created extracts from two 

additional bacteria: E. coli B strain OP50, which is the standard laboratory diet; and Comamonas 

aquatica DA1877, which accelerates C. elegans growth (MacNeil et al., 2013). Bacterial extracts 

from the three strains were added to germ cells isolated from the tumorous mutant strain glp-

1(gf); cki-2; daf-16 (hereafter referred to as "isolated germ cells"). Incorporation of the 

thymidine-analog EdU was used to follow DNA replication 24 to 48 hr post-isolation. Typically, 

3-10% of the isolated germ cells incorporate EdU in the absence of bacterial extract. The 

addition of the bacterial extracts increased the percentage of cells incorporating EdU, with 

HT115 and DA1877 extracts having more activity than OP50 extract (Fig. 3.3A). 

 We tested the effect of diets of the three bacteria on germ cell proliferation in vivo by 

analyzing the frequency of germline tumor formation in the glp-1(gf); cki-2; daf-16 mutant strain 

grown at a semi-permissive temperature (Fig. 3.S3A). Hereafter, references to "tumor frequency" 

will imply that the assay was performed with glp-1(gf); cki-2; daf-16 mutants. Similar results 
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were obtained whether tumor frequency was scored blinded or non-blinded (see Experimental 

Procedures). Consistent with the EdU incorporation data, the frequency of visible tumors at the 

semi-permissive temperature of 18°C was higher with a diet of DA1877 or HT115 than with 

OP50 (Fig. 3.3B). Diets of the three bacteria appear to stimulate germ cell proliferation through a 

common pathway, as mixed diets of the different bacteria did not synergistically increase tumor 

formation (Fig. 3.S3B). 

 

Bacterial folates stimulate germ cell proliferation 

Several bacteria-derived compounds have been implicated in modulating C. elegans biological 

processes, including: folates, which reduce lifespan (Virk et al., 2012); tryptophan metabolite(s), 

which alter the expression of detoxification genes (Gracida and Eckmann, 2013); and vitamin 

B12, which accelerates growth (Watson et al., 2014). Supplementing bacteria with tryptophan or 

vitamin B12 did not stimulate germ cell proliferation (Fig. 3.S4). In contrast, our analysis of 

folates found that they are linked to the stimulation of germ cell proliferation. 

 Most bacteria are capable of the de novo synthesis of folate through a pathway that includes 

the condensation of the dihydropteridine ring with PABA, followed by the addition of one or 

more glutamates (Glu) (Fig. 3.1B). PABA can be rate-limiting for folate synthesis in bacteria 

(Sybesma et al., 2003). To test if increasing the level of bacterial folates increases germ cell 

proliferation, we supplemented bacteria with PABA. Diets of the three bacteria supplemented 

with PABA produced an increase in tumor frequencies (Fig. 3.3B). Similarly, adding extracts 

from bacteria supplemented with PABA to isolated germ cells increased the percentage of cells 

incorporating EdU (Fig. 3.3A). As expected, based on the inability of animals to use PABA to 

create folates, adding PABA directly to isolated germ cells had no affect on EdU incorporation 
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(Fig. 3.3A). Similarly, adding PABA to a diet of heat-killed bacteria, which cannot metabolize 

the PABA, had no stimulatory effect (Fig. 3.3C). 

 To further address the contribution of bacterial folates or folate-related compounds to germ 

cell proliferation, we used the antibiotic trimethoprim (TRI), which inhibits dihydrofolate 

reductase (DHFR) in bacteria to block the generation of THF. TRI reduces overall THF folate 

levels in E. coli; however, while the levels of poly-Glu3 or higher THF folates become 

undetectable upon TRI exposure, the levels of mono- and di-Glu THF folates modestly increase 

(Kwon et al., 2008). We observed that incubating HT115 and DA1877 bacteria with 2.5 µg/ml 

TRI prior to creating extract reduced the extract's ability to stimulate EdU incorporation in 

isolated germ cells (Fig. 3.3D). Pretreatment of OP50 with TRI did not have an obvious effect on 

the extract's (normally lower) level of stimulating DNA replication (Fig. 3.3D). Similarly, 

feeding glp-1(gf); cki-2; daf-16 mutants a diet of HT115 or DA1877 grown on TRI reduced 

tumor frequency, while a diet of OP50 grown on TRI did not significantly reduce tumor 

frequency (Fig. 3.3E). The lack of effect of TRI on an OP50 diet or OP50 bacterial extract 

indicates that TRI by itself has no appreciable effect on germ cell proliferation, but rather 

mediates its effects via its action on specific bacteria. 

 We wanted to determine if the choice of bacterial diet and increasing bacterial folate 

production affects GSC proliferation in wild-type animals. Increases or decreases in mitotic 

proliferation of GSCs expand or contract the proliferative zone of the gonad to alter the number 

of germ cell nuclei in the zone (Michaelson et al., 2010). When wild-type hermaphrodites were 

fed a diet of HT115 or DA1877 bacteria, the number of germ cell nuclei in the proliferative zone 

was higher compared to an OP50 diet (Fig. 3.3F). Supplementing the bacteria with PABA 

increased the number of germ cell nuclei in the proliferative zone for OP50 and HT115 diets, 
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with a higher mitotic index for the HT115 diet, suggesting that a diet with increased levels of 

folates increases proliferative germ cell numbers (Figs 3.3F, 3.S5A). Incubation of the three 

bacteria with TRI reduced the numbers of mitotic germ cells per gonad arm in wild-type 

hermaphrodites fed a diet of DA1877, but had less effect on OP50 and HT115 diets (Fig. 3.S5B). 

Overall, these results suggest that increased levels of bacterial folates can increase mitotic germ 

cell proliferation in wild-type hermaphrodites. 

 To confirm that folates are the active bacterial component, folates were purified from 

bacteria and tested for their ability to induce germ cell proliferation. Total bacterial extract, 

purified folates, and folate-free, flow-through extract were tested on isolated germ cells for their 

effect on DNA replication. Total extract and purified folates increased the number of cells 

incorporating EdU when added to isolated germ cells (Fig. 3.4A; Table 3.S2). In contrast, the 

addition of the folate-free flow-through extract reduced EdU incorporation, suggesting that in the 

absence of folates, bacterial extract negatively impacts germ cell cultures. The addition of 

purified folates to a diet of heat-killed OP50 bacteria also increased tumor frequency (Fig. 3.4B).  

 To determine if purified folates increase the number of mitotic cells in wild-type animals, 

we added purified folates from OP50, DA1877, or HT115 to heat-killed OP50 bacteria and 

allowed wild-type animals to develop from eggs on these plates. The addition of purified folates 

from HT115 and DA1877 increased the number of nuclei in the proliferative zone, with the 

mitotic index statistically higher for DA1877 folates (Figs 3.4C, 3.S5C). These results indicate 

that bacterial folates promote GSC proliferation in wild-type hermaphrodites. 

 Our previous analysis used equal volumes of isolated purified folates. To compare the 

relative activity of the purified folates among the three bacteria, we added equal concentrations 

of purified folates (0.06 µM) to isolated germ cells. The purified folates from HT115 induced a 
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higher percentage of cells incorporating EdU than purified folates from OP50 and DA1877 (Fig. 

3.4D). Folates purified from the mouse microbiota also have potent activity in stimulating EdU 

incorporation in isolated germ cells, suggesting that the active folate(s) are present in diverse 

microbial settings (Fig. 3.S5D). 

 

10-formyl-THF-Glun stimulates germ cell proliferation 

CeM1 medium contains the synthetic folate folic acid at 2.8 µM, which is 40-fold higher than the 

concentration of purified folates that stimulate increased EdU incorporation in isolated germ 

cells. Therefore, bacterial folates provide a signal that is not provided by folic acid. 

 We tested the germ cell stimulatory activity of the reduced monoglutamyl forms of folates, 

including racemic (S,R) THF, 5-formyl-THF (folinic acid), and 5-methyl-THF, as well as the 

biologically active (S) isomer for the latter two folates. We found that these basic folates, which 

can promote one-carbon metabolism when added to other animal cells, were unable to stimulate 

germ cell DNA replication even at concentrations significantly higher than the purified bacterial 

folates (Fig. 3.4D). The addition of 5-methyl-THF and THF to a diet of heat-killed bacteria also 

did not have a major effect on tumor frequency (Fig. 3.4B). 

 In an effort to identify the active germ cell-stimulatory folate(s), we analyzed the folates 

from OP50, HT115, and DA1877 bacteria grown under normal or PABA-supplemented 

conditions. Ion-pair high performance liquid chromatography (HPLC) was used to separate the 

affinity-purified folates, which were then identified by their stereotypical UV absorbance spectra 

(Selhub et al., 1980). Four folate species were detected in the bacterial extracts: 10-formyl-THF-

Glun; THF-Glun; 5-formyl-THF-Glun; and 5-methyl-THF-Glun (Fig. 3.S6). The folates from 

DA1877 consisted predominantly of folates with three Glu residues, the most abundant of which 
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was 5-methyl-THF-Glu3 (Fig. 3.S6C). In contrast, OP50 and HT115 had primarily formylated 

folates with 3-7 Glu residues (Fig. 3.S6A,B). Notably, the only folate species that increased upon 

growth with PABA in all three bacterial species was 10-formyl-THF-Glun. 

 We isolated individual DA1877 folate fractions using HPLC (Fig. 3.5A). The 5-methyl-

THF-Glu1,3 fractions lacked stimulatory activity, consistent with our analysis of pure folates. In 

contrast, the 10-formyl-THF-Glu3 and 5,10-methenyl-THF-Glu3 fractions stimulated EdU 

incorporation in isolated germ cells and increased tumor frequency assays when added to a diet 

of heat-killed bacteria (Fig. 3.5B,C). The activity of 5,10-methenyl-THF-Glu3 is likely to be due 

to its conversion to 10-formyl-THF-Glu3, which would occur because the assays were performed 

at neutral pH. The first peak from the chromatogram, whose molecular identity we could not 

determine, also exhibited stimulatory activity (data not shown). Overall, our results suggest that 

10-formyl-THF-Glun can stimulate germ cell proliferation. 

 To clarify the importance of the number of glutamate residues, we converted purified OP50 

bacterial folates from poly-Glu3-7 to mono-Glu by treatment with tri-enzyme (a mixture of 

chicken pancreas conjugase, alpha amylase, and pronase) (Martin et al., 1990). The conversion to 

mono-Glu folates abolished the stimulatory activity in EdU incorporation assays with isolated 

germ cells and tumor frequency assays (Fig. 3.6A,B). The stimulation of tumor frequency was 

also abolished when purified DA1877 bacterial folates were converted to mono-Glu using 

conjugase enzyme alone (Fig. 3.S5E). 

 To further confirm that poly-Glu contributes to germ cell stimulatory activity, we 

synthesized folates with 1, 3, or 6 Glu from folic acid-Glu1,3,6: THF-Glu1,3,6; 5-methyl-THF-

Glu1,3,6; 5,10-methenyl-THF-Glu1,3,6; and 10-formyl-THF-Glu1,3,6. We observed that folic acid, 

5-methyl-THF, and THF were not active in stimulating increased tumor frequencies irrespective 
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of the number of Glu residues (Figs 3.6D; 3.S5F). In contrast, 10-formyl-THF and 5,10-

methenyl-THF increased tumor frequency in vivo and EdU incorporation in isolated germ cells 

in vitro, with greater activity with higher numbers of poly-glutamates (Figs 3.6C,D; 3.S5F). 

Significantly, 10-formyl-THF-Glu3,6 and 5,10-methenyl-THF-Glu3,6 had activity even at the 

lowest concentration tested: 1 nM (Fig. 3.6C,D). The addition of 5,10-methenyl-THF-Glu6 

stimulated the transient proliferation of germ cells in vitro, similar to what we had observed with 

HT115 bacterial extract (Fig. 3.S5G). The ability of the synthetic folates 10-formyl-THF-Glun 

and 5,10-methenyl-THF-Glun to match the stimulatory activity of the folates isolated from 

bacteria confirms the identity of the bacterial stimulatory folates. 

 

Folates stimulate germ cell proliferation independently of one-carbon metabolism 

In other animals, multiple folates can act as single vitamin sources to reconstitute all of the 

folates required for one-carbon metabolism (Zhao et al., 2009). One potential model to explain 

the specificity of germ cell stimulation is that perhaps, unlike other animals, C. elegans can only 

utilize a single folate as a vitamin source. To address the role of folates as vitamins, we used the 

folt-1 mutant as a means to deplete folate levels. folt-1 is the C. elegans homolog of the 

mammalian RFC. 

 In mammals, the ubiquitously-expressed RFC transports the bulk of systemic folates into 

tissues (Zhao et al., 2009). In C. elegans, FOLT-1/RFC is required for ~80% of folate uptake 

into animals (Balamurugan et al., 2007). folt-1(ok1467) deletion mutants, when grown on a diet 

of OP50 bacteria, have severe defects in germ cell proliferation, with few germ cells per gonad 

arm (Austin et al., 2010). Strikingly, we found that providing folt-1/RFC mutants a diet of OP50 

supplemented with PABA rescued the germ cell number defect, and allowed 100% of the folt-
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1/RFC mutant adult hermaphrodites to become gravid (Fig. 3.7A). Therefore, the folt-1/RFC 

mutant is responsive to increased folate levels. 

 To further reduce the levels of folates, folt-1/RFC mutants were fed a diet of heat-killed, 

folate-depleted pabC mutant bacteria, which are unable to produce PABA (Roux and Walsh, 

1993).  To deplete folates in pabC mutants, the bacteria were incubated 24 hr in PABA-free 

minimal media. The resulting folate-depleted pabC bacteria had only 2.3% of the folate level of 

the parental E. coli K-12 strain (data not shown).  

 To test the ability of folates to rescue folate deficiency, heat-killed, folate-depleted pabC 

bacteria were supplemented with 10 µM of either the non-stimulatory folate S-5-formyl-THF-

Glu1 or the stimulatory folate 5,10-methenyl-THF-Glu1. Both folates were able to rescue germ 

cell proliferation in the folate-depleted folt-1/RFC mutants, with the non-stimulatory S-5-formyl-

THF-Glu1 exhibiting more activity (Fig. 3.7B). Racemic 5-formyl-THF-Glu1 (folinic acid) also 

rescues C. elegans sterility due to folate deficiency (Virk et al., 2016). These results suggest that 

the effectiveness of a folate to function as a vitamin does not correlate with its ability to 

stimulate germ cell proliferation under normal growth conditions. 

 To directly test if a folate-related compound can stimulate germ cell proliferation 

independently of one-carbon metabolism, we analyzed dihydropteroate. Pteroates are comprised 

of a pteridine ring and PABA moieties, but lack glutamates (Fig. 3.1B). Dihydropteroate is a 

precursor to all folate synthesis in bacteria. Animals are unable to convert pteroates to folates 

because they lack the enzyme (dihydrofolate synthase) that is required to add glutamate to 

pteroates (Fig. 3.1B). Animals therefore cannot utilize pteroates for one-carbon metabolism. As 

expected for a compound that cannot support one-carbon metabolism, dihydropteroate was 
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unable to rescue the folate deficiency of folt-1/RFC mutants grown on folate-depleted bacteria 

(Fig. 3.7B). 

 Significantly, dihydropteroate stimulated increased EdU incorporation in isolated germ 

cells and tumor frequency, although it was less active than 5,10-methenyl-THF-Glu6 in inducing 

the proliferation of isolated germ cells (Figs 3.7C,D; 3.S5G). The ability of dihydropteroate to 

stimulate germ cell proliferation implies that the stimulation occurs independently of one-carbon 

metabolism. 

 

The folate receptor homolog FOLR-1 is required for the stimulation of germ cell proliferation 

The mammalian FRs, a, b, and g, transport folates, but have more restricted tissue expression 

than RFC (Zhao et al., 2009). Notably, mammalian FR can bind both folates and pteroates (Sodji 

et al., 2015). C. elegans contains an apparent ortholog of FR, folr-1 (C17G1.1). Although FOLR-

1/FR and human FRg proteins only share 12% identity and 25.5% similarity, they are the top 

scores in the two respective species using reciprocal psi-BLAST searches (Altschul et al., 1997). 

FOLR-1/FR has a predicted signal peptide and transmembrane domain that is compatible with 

cell surface localization (Cserzo et al., 2002; Petersen et al., 2011). 

 In contrast to folt-1/RFC mutants, RNAi depletion of folr-1/FR does not appear to affect 

the basal number of germ cells, and folr-1(RNAi) hermaphrodites lay the same number of eggs as 

wild type (Fig. 3.S7A). This suggests that unlike FOLT-1/RFC, FOLR-1/FR is not essential for 

the uptake of folates to function as vitamins. Strikingly, RNAi depletion of folr-1/FR abolishes 

the stimulatory effect of purified bacterial folates, 10-formyl-THF-Glu6, 5,10-methenyl-THF-

Glu1,6, and dihydropteroate both in vivo (for tumor frequency) and in vitro (for EdU 

incorporation) (Figs 3.7E,F, 3.S7B). At the fully non-permissive temperature of 25°C, folr-1/FR 
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RNAi only modestly suppresses tumor formation in glp-1(gf); cki-2; daf-16 mutants, but blocks 

the response to PABA supplementation, indicating that it still blocks the stimulatory effect of 

folates (Fig. 3.S7C). These results suggest that both 10-formyl-THF-Glun and dihydropteroate 

stimulate germ cell proliferation through a FOLR-1-dependent pathway. 

 

A folate-enriched diet increases cell number in somatic hyperplasia 

We wanted to determine if bacterial folates could stimulate somatic cell division using the cul-1 

mutant, which exhibits hyperplasia of larval somatic cell lineages (Kipreos et al., 1996). cul-

1(e1756) mutants expressing a hypodermal seam cell GFP marker were fed diets of OP50 or 

OP50 supplemented with 10 µM PABA. Both cul-1 homozygous and heterozygous mutants 

exhibited increased seam cell numbers when on the diet supplemented with PABA (Fig. 3.3G). 

Notably, the hyperplasia in cul-1 heterozygotes is a synthetic phenotype, as cul-1 heterozygotes 

do not exhibit hyperplasia under normal growth conditions (Kipreos et al., 1996) and wild-type 

animals do not exhibit seam cell hyperplasia on a diet of OP50 supplemented with PABA (Fig. 

3.3G). 

 We were unable to use heat-killed bacteria to assess the effect of pure folates or pteroates 

because cul-1 homozygotes arrest development on heat-killed bacteria, and cul-1 heterozygotes 

do not exhibit hyperplasia on heat-killed bacteria with added folates, potentially due to the sub-

optimal diet (data not shown). Nevertheless, these results suggest that a diet with increased 

bacterial folates can stimulate the proliferation of a somatic cell lineage. 
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Discussion 

In this study, we describe the first primary culture system for C. elegans germ cells. The CeM1 

medium that we created differs markedly from the L-15-based medium used for C. elegans 

embryonic and larval cell cultures. CeM1 medium can maintain the viability of germ cells for up 

to one month, thereby providing an experimental platform for the study of nearly homogeneous 

populations of germ cells. 

 

10-formyl-THF-Glun is a germ cell-stimulatory folate 

Our results show that bacterial folates act as an exogenous signal to stimulate an adult stem cell 

population. Surprisingly, many folate species (folic acid, THF, 5-formyl-THF, and 5-methyl-

THF) are unable to stimulate germ cells under normal growth conditions, despite the fact that 

these folates are readily taken up by animals, including C. elegans (Balamurugan et al., 2007). 

Instead, we observed germ cell stimulatory activity only with the folates 10-formyl-THF-Glun 

and 5,10-methenyl-THF-Glun, with increasing activity with larger numbers of poly-Glu. The 

ability of 5,10-methenyl-THF-Glun to stimulate germ cells is unlikely to reflect its own activity, 

as it converts to 10-formyl-THF-Glun within minutes at the neutral pH used in our experiments. 

 

Bacterial folates and related compounds can stimulate C. elegans germ cells independently of 

one-carbon metabolism 

We observed that the non-stimulatory folate S-5-formyl-THF-Glu1 rescued the folate deficiency 

of folate-depleted folt-1/RFC mutant germ cells more effectively than the stimulatory folate 

5,10-methenyl-THF-Glu1. This suggests that the ability of a folate to act as a vitamin does not 

correlate with its ability to stimulate germ cell proliferation under normal growth conditions. 
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Additionally, 10-formyl-THF-Glun can stimulate C. elegans germ cell proliferation at a 

concentration of 1 nM, which is lower than the levels required for one-carbon metabolism in 

mammals (Geng et al., 2015; Neuhouser et al., 2011). 

 Dihydropteroate can also stimulate germ cell proliferation. Dihydropteroate is unable to 

function in one-carbon metabolism in animal cells, and consistently, its addition was unable to 

rescue folate deficiency in C. elegans. Significantly, the stimulation of germ cell proliferation by 

both dihydropteroate and 10-formyl-THF-Glun requires the presence of FOLR-1/FR. The 

mammalian homolog of FOLR-1/FR can bind both folates and pteroates (Sodji et al., 2015). 

These results suggest that dihydropteroate and 10-formyl-THF-Glun stimulate germ cell 

proliferation through a FOLR-1/FR-dependent pathway that is independent of one-carbon 

metabolism. 

 Dihydropteroate is present in all bacteria that are capable of de novo folate biosynthesis. 

However, we did not observe detectable levels of dihydropteroate by chromatography in extracts 

from the three bacteria (data not shown). This suggests that in these three bacteria, 

dihydropteroate is not the predominant germ cell stimulatory signal, with 10-formyl-THF-Glun 

and 5,10-methenyl-THF-Glun present at much higher levels. It is possible that in the wild, other 

bacteria produce higher levels of dihydropteroate that contribute to the stimulation of C. elegans 

germ cell proliferation. 

 One obvious question is why 10-formyl-THF and dihydropteroate, but not other folates, 

were selected during evolution to regulate germ cell proliferation. In this regard, it is notable that 

10-formyl-THF and dihydropteroate are particularly unstable relative to other folates and folate-

related compounds ((Blakley, 1969) Schircks Laboratories data sheets). Potentially, the labile 
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nature of these folate and folate-related compounds allows a tighter linkage between the presence 

of live bacteria and germ cell proliferation. 

 

The folate receptor and signaling 

The finding that FOLR-1/FR is required for the stimulation of C. elegans germ cell proliferation 

is interesting in light of recent mammalian cancer research. In many cancers, FRs are 

overexpressed, and this is associated with neoplastic progression and poor prognosis (Kelemen, 

2006). FRa promotes proliferation, migration, and invasiveness of SKOV-3 ovarian cancer cells, 

which have high-level FRa expression; while surprisingly, RFC acts oppositely to reduce cell 

proliferation, migration, and invasiveness (Siu et al., 2012). Notably, FRa only contributes 20-

30% of the uptake of folate in SKOV-3 and four other ovarian cancer cell lines, while RFC is 

responsible for ~70% of their folate uptake (Corona et al., 1998). Similarly, in C. elegans, 

FOLT-1/RFC is required for the majority of folate uptake to allow basal germ cell proliferation 

and fertility, while FOLR-1/FR is required for stimulatory folate signaling but is not essential for 

providing folates for basal germ cell proliferation. 

 Recent emerging evidence suggests the potential for human FR to function in cell signaling 

independently of one-carbon metabolism. The addition of folates to cells activates intracellular 

signaling pathways in a FR-dependent manner in time periods that are shorter than would be 

expected from changes in one-carbon metabolism. The addition of folic acid to mammalian cells 

has been reported to induce the phospho-activation of c-src tyrosine kinase, ERK kinase, and 

STAT transcription factor in a FRa-dependent manner within 2-5 minutes of stimulation (Hansen 

et al., 2015; Lin et al., 2012; Zhang et al., 2009). Additionally, FRa itself has been reported to 

translocate to the nucleus and function as a transcription factor in human tissue culture cells after 
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stimulation with 453 µM of folic acid (Boshnjaku et al., 2012). These studies used folic acid, a 

non-natural, synthetic folate, at elevated, non-physiological levels of 10 to 600 µM. These 

concentrations are orders of magnitude higher than the concentration of folates in human serum, 

which are 8.6 to 29.7 nM for the 5th-95th percentiles of an unsupplemented population (Hustad et 

al., 2000). This raises the question of the physiological relevance of the observations. In contrast, 

our results show biological effects with 1 nM of a specific, naturally-available folate. 

 Our work provides a direct link between microbial factors and the regulation of an adult 

stem cell population. The importance of the microbiota for animal health has recently been 

recognized (Clemente et al., 2012). Microbiota-derived folates are readily absorbed by the 

human host (Camilo et al., 1996). In diverse human populations, the initial colonization of the 

gut is enriched for microbes capable of de novo folate synthesis, indicating that humans harbor 

folate-synthesizing bacteria throughout their lifespan (Yatsunenko et al., 2012). We observed 

that folates isolated from mouse microbiota are potent stimulators of C. elegans germ cells, 

indicating that the active folates are present at high levels in the mammalian microbiota. Our 

work therefore suggests the possibility that microbiota-derived folates can act as signaling 

molecules, potentially to the host or to other organisms that may reside within the host, such as 

parasitic nematodes. 
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Figure 3.1 Partial one-carbon metabolism cycle and folate structures.  

(A) Diagram of partial one-carbon metabolism cycle; modified from (Zhao and Goldman, 2003). 

(B) Schematic of the last stages of folate biosynthesis in bacteria. The enzymatic reactions to create dihydrofolate (DHF) only occur in 

organisms that are capable of de novo folate synthesis. 

(C) Structures of one-carbon metabolism folates. The bonds linking the PABA and Glu are shown in-line. 
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Figure 3.2 Optimization of C. elegans germ cell culture conditions.  

 (A) Images of glp-1(gf); cki-2; daf-16 germ cells one-day post-isolation in CeM1 medium: phase contrast; and calcein-AM live-cell 

stain. Scale bar, 20 µm. 

(B-E) Live cell counts for glp-1(gf); cki-2; daf-16 germ cells are shown for all panels. (B) CeM1 maintains germ cell viability more 

effectively than L-15 medium. (C) Germ cell viability decreases when CeM1 lacks the specified components. (D) Pretreatment of FBS 

with Amberlite IRA 400-CL and charcoal-dextran increases germ cell viability. (E) Bacterial extract (with or without heat inactivation 

at 60°C for 30 min) promotes initial germ cell proliferation. The same full CeM1 control was analyzed in (B) and (D), and is shown in 

each panel for comparison. 

For all figures, error bars reflect standard error of the mean, SEM. See also Figures 3.S1 and 3.S2, and Table 3.S1. 
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Figure 3.3 Bacterial folates stimulate germ cell proliferation in vitro and in vivo.  

(A) EdU incorporation in isolated germ cells increases when CeM1 is supplemented with extract from bacteria grown with 2.5 mM 

PABA, but not from adding PABA alone at the indicated concentrations (in µM). Dash indicates buffer control. 

(B) The percentages of germline tumors in glp-1(gf); cki-2; daf-16 mutants at 18°C increase on diets of live bacteria grown with 

PABA compared to ethanol carrier control (EtOH). The concentrations of PABA are in µM (for panels B, C, F). 

(C) Tumor frequency with a diet of heat-killed OP50 bacteria supplemented with PABA at 20°C (the higher temperature compensates 

for the suboptimal diet of heat-killed bacteria). Dash indicates no addition. 

(D) EdU incorporation in isolated germ cells using extracts from bacteria treated with the DHFR-inhibitor trimethoprim (TRI). Dash 

indicates buffer control. The concentration of TRI was 2.5 µg/ml (for panels D and E). 

(E) Tumor frequency at 18°C with diets of bacteria treated with TRI. Dash indicates no addition. 

(F) The number of germ cell nuclei in the proliferative zone of wild-type hermaphrodite gonads (analyzed 36 hr post-adulthood) when 

animals were fed diets of the indicated bacteria supplemented with PABA. 

(G) The number of cells expressing seam cell marker scm::GFP per lateral side in cul-1 homozygous and heterozygous mutants fed a 

diet of OP50 bacteria with or without PABA supplementation. 

The same buffer and control bacterial extract samples were analyzed in (A) and (D), and are shown in each panel for comparison. For 

all figures, asterisks above bars denote statistical significance relative to the control, and asterisks above lines are for comparisons 
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below the lines: *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns = not significant. Statistics are described in the Experimental 

Procedures section. See also Figures 3.S3–3.S5. 
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Figure 3.4 Purified folates stimulate germ cell proliferation.  

(A) Germ cell stimulatory activity segregates with purified folates during affinity purification. Equal percentages of total bacterial 

extract; folate-free extract (post-folate purification); or folates purified from the extract were added to isolated germ cells and EdU 

incorporation was assessed. The concentrations of the purified folates were: 0.063 µM (OP50); 0.038 µM (HT115); and 0.055 µM 

(DA1877). 

(B) The effect of purified folates and the reduced folates shown on tumor frequency at 20°C when added to heat-killed bacteria. Equal 

volumes of purified folates were used; the concentrations of purified folates for experiments (B) and (C) were: 0.21 µM (OP50); 0.13 

µM (HT115); and 0.18 µM (DA1877). 

(C) The number of germ cell nuclei in the proliferative zone of wild-type hermaphrodite gonads for animals fed a diet of heat-killed 

OP50 supplemented with purified folates from the indicated bacteria. 

(D) Purified folates from the indicated bacteria stimulate EdU incorporation at 0.06 µM, while the basic reduced folates, 5-methyl-

THF (5m-THF), 5-formyl-THF (5f-THF), and THF, are not active at concentrations of 0.1 to 100 µM. 

See also Figure 3.S5 and Table 3.S2. 
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Figure 3.5 10-formyl-THF and 5,10-methenyl-THF isolated from bacteria stimulate germ 

cells.  

(A) Chromatogram showing UV absorbance (milli-absorbance units) of affinity-purified 

DA1877 folates separated by ion-pair chromatography. Folate species identified by UV spectra 

are labeled. 

(B and C) Affinity-purified folate fractions, containing the indicated folates, were isolated from 

DA1877 bacteria grown with PABA supplementation and tested for their ability to induce DNA 

replication (EdU incorporation) in isolated germ cells (B) or increase tumor frequency at 20°C 

with a diet of heat-killed bacteria (C).  10-formyl-THF (10f-THF); 5,10-methenyl-THF (5,10me-

THF).  See also Figure 3.S6. 
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Figure 3.6 Poly-glutamate increases 10-formyl-THF-Glun germ cell stimulatory activity.   (A and B) Purified folates from OP50 

were treated with tri-enzyme to convert poly-Glu folates to mono-Glu folates. Germ cell stimulatory activity was assessed by 

analyzing EdU incorporation in isolated germ cells (A) and tumor frequency at 20°C with a diet of heat-killed bacteria (B). The 

concentration of purified folates was 0.06 µM for (A) and 0.12 µM for (B). 

(C and D) Comparison of the activity of synthetic folates with 1, 3, 6 Glu residues in the EdU incorporation assay with isolated germ 

cells (C) and tumor frequency assay at 18°C (D).  

See also Figure 3.S5. 
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Figure 3.7. Folates and pteroates stimulate germ cell proliferation independently of a role as vitamins.   (A) folt-1(ok1467) 

mutant sterility is rescued by growth on OP50 supplemented with PABA. The percentage of gravid animals is shown (n = 20 each). 

(B) Stimulatory and non-stimulatory folates can rescue folate deficiency, but dihydropteroate cannot. folt-1(ok1467) mutants were fed 

heat-killed, folate-depleted pabC mutant bacteria with the indicated folates or folate-related compounds (10 µM). Germ cell numbers 

per gonad arm from mid/late L4-stage larvae were scored blindly. 

(C and D) Dihydropteroate stimulates EdU incorporation in isolated germ cells (C) and tumor frequency at 18°C (D). For (C), the 

experiment was performed at the same time as Fig. 3.6C, and the same control is shown for comparison. 

(E) folr-1/FR RNAi blocks the stimulatory effect of dihydropteroate, 5,10-methenyl-THF6, and 5,10-methenyl-THF1 on tumor 

frequency at 18°C. The concentrations are in µM. 

(F) folr-1/FR RNAi blocks the stimulatory effect of dihydropteroate and 5,10-methenyl-THF-Glu6 on EdU incorporation in isolated 

germ cells. 

See also Figure 3.S7. 
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Figure 3.S1, related to Figure 3.2A.  Tumorous gonads from glp-1(gf); cki-2; daf-16 mutants.   Images of glp-1(gf); cki-2; daf-16 

and wild-type dissected gonads stained with the mitotic marker anti-phosphohistone H3 (Ser10) antibody (green, top), the meiotic 

marker anti-HIM-3 antibody (red, bottom), and Hoechst 33342 DNA stain (blue). Image z-sections were merged for the anti-

phosphohistone H3 staining to show mitotic cells throughout the gonad. Asterisks mark the distal end of the gonad.  Scale bar, 20 µm.
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Figure 3.S2, related to Figure 3.2B-E.  Comparison of media components for germ cell culture.   (A-F) Live germ cell counts for 

cultures with: (A) different ratios of Schneider’s insect medium and L-15 medium; (B and C) different base insect media (MM, 

Mitsuhashi and Maramorosch medium; SS, Shields and Sang medium); (D) CeM1 prepared with different FBS concentrations; (E) 

CeM1 prepared with FBS that was heat inactivated at different temperatures for 30 min, or no heat inactivation.  The 65°C heat-

inactivated FBS sample is the complete CeM1 medium, and this sample was analyzed at the same time as the experiments shown in 

Fig. 2B and 2D; the curve is shown here for comparison.  (F) CeM1 media adjusted to different osmolalities. 
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Figure 3.S3, related to Figure 3.3.  Images of germline tumors and the lack of synergistic 

effects from mixing bacterial diets on tumor frequency.   (A) Bottom-illuminated 

stereomicroscope images of three wild-type adult hermaphrodites with no tumors and three glp-

1(gf); cki-2; daf-16 adult hermaphrodite mutants exhibiting tumors that are visible as white 

regions within the body.  Scale bar, 100 µm.  (B) Tumor frequency of glp-1(gf); cki-2; daf-16 

mutants grown at 18°C and fed diets of the indicated live bacteria, or 1:1 or 1:1:1 mixtures of 

live bacteria.
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Figure 3.S4, related to Figure 3.3.  Increased supplementation with tryptophan or vitamin 

B12 does not increase germ cell proliferation.   (A and B) Tumor frequencies for glp-1(gf); 

cki-2; daf-16 mutants grown at 18°C on a diet of OP50 with or without 0.15 mM tryptophan (A); 

or in different concentrations of vitamin B12 with the indicated bacteria (B).  (C) The percentage 

of isolated germ cells that incorporated EdU into genomic DNA 24-48 hr post-isolation when 

supplemented with the indicated amount of vitamin B12 and HT115 bacterial extract.  (D) 

Counts of live germ cells cultured with CeM1 containing the following concentrations of vitamin 

B12: 3.7 nM (the normal CeM1 medium); 6.9 nM; or 0 nM.  (E) The number of mitotic 

phosphohistone H3 Ser10-positive cells per gonad arm for wild-type adults grown on a diet of 

the bacterial strains listed with the indicated concentrations of vitamin B12.  These results 

suggest that the concentration of vitamin B12 in CeM1 medium is sufficient to maintain cell 

viability, and that increased levels of vitamin B12 or tryptophan metabolites do not stimulate 

germ cell proliferation. 
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Figure 3.S5, related to Figures 3.3, 3.4, and 3.6.  Wild-type germ cell proliferation is increased by bacterial folates; poly-Glu 

increases folate stimulatory activity; and 5,10-methenyl-THF-Glun stimulates germ cell proliferation.   (A,C) Mitotic index of 

wild-type hermaphrodite proliferative zone germ cells fed a diet of the indicated bacteria supplemented with PABA at the indicated 

concentrations in µM or ethanol control (EtOH) (A), or purified folates at 0.21 µM (OP50), 0.13 µM (HT115), and 0.18 µM 

(DA1877) (C).  (B) The number of mitotic, phosphohistone H3-positive germ cells per gonad arm in wild-type adult hermaphrodite 

fed a diet of live bacteria supplemented with 2.5 µg/ml TRI or ethanol control.  (D) Purified folates (0.01 µM) from a mouse 

microbiota increase EdU incorporation in isolated germ cells.  (E) Tumor frequencies at 20°C on heat-killed bacteria supplemented 

with DA1877 purified folates (0.043 µM) treated with or without conjugase.  (F) Tumor frequencies with the indicated synthetic 

folates (0.1 µM) or purified folates from OP50 bacteria (0.21 µM) on a diet of heat-killed bacteria at 20°C.  (G) 5,10-methenyl-THF-

Glu6 supports initial germ cell proliferation in vitro.  Numbers of live isolated germ cells supplemented with 0.1 µM of the indicated 

supplements.  The graph is the average of two experiments; cell numbers are set to 100 on day 1. 
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Figure 3.S6, related to Figure 3.5.  10-formyl-THF-Glun is increased upon supplementing 

bacteria with PABA.   (Flatt et al.) Graph of folate species identified by affinity 

chromatography with detection by UV absorption spectra for OP50 (A), HT115 (B), and 

DA1877 (C) bacterial strains grown with or without PABA supplementation.  
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Figure 3.S7, related to Figure 3.7.  folr-1/FR RNAi does not affect egg number but blocks 

the stimulatory effect of PABA supplementation of OP50 at the fully non-permissive 

temperature.   (A) folr-1/FR RNAi and control RNAi gives comparable numbers of eggs for 

wild type and glp-1(gf); cki-2; daf-16 mutants grown at 18°C.  Note that glp-1(gf); cki-2; daf-16 

mutants have lower egg numbers due to the inhibition of egg formation by tumors at the semi-

permissive temperature.  Within each genotype, no pairwise comparison is statistically 

significant.  (B) folr-1/FR RNAi blocks the stimulatory effect of 10-formyl-THF-Glu6 and 

purified bacterial folates on EdU incorporation in isolated germ cells.  (C) Tumor frequency of 

glp-1(gf); cki-2; daf-16 mutants grown on live HT115 bacteria expressing control RNAi or folr-

1/FR RNAi constructs with or without 10 µM PABA supplementation at 25°C. 
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Table 3.S1, related to Figure 3.2.  CeM1 medium components.  

Component (attribute) CeM1 medium L-15 medium 

Schneider’s Insect medium (Life Technologies, 

21720-024) 

67.2% – 

Leibovitz’s L-15 medium without phenol red  

(Life Technologies, 21083-027) 

22.4% 90% 

Fetal Bovine Serum  

(lot G11012, Atlanta Biologicals, Inc.) 

8% (heat-inactivated; treat 

Amberlite IRA-400 & charcoal 

dextran) 

10% 

penicillin–streptomycin (Sigma-Aldrich, P4333) 1x 1x 

hemin chloridea (MP Biomedicals, 0219402501) 0.2% – 

RPMI vitamins (Sigma-Aldrich, R7256) 1% – 

L-glutathione, reduced (Sigma-Aldrich, G4251) 0.6 mg/ml – 

normocin (InvivoGen) 0.1% – 

cholesterolb (J.T. Baker, 1580-01) 0.1% – 

trehalosec (Sigma-Aldrich, T0167) to 390 mOsm/kg – 

(pH)d NaOH added to pH 6.5 ~pH 7.2 

sucrose – to 340 

mOsm/kg 

 

aHemin chloride was added from a 2 mM stock solution freshly prepared in 0.1 N NaOH.  

bCholesterol was added from a 10 mg/ml stock solution in ethanol.  
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cThe medium was adjusted to 390 mOsm/kg by adding trehalose using a freezing point 

osmometer for osmolality measurements (Advanced Digimatic Osmometer 3DII from Advanced 

Instruments Inc.). 

dThe medium was adjusted to pH 6.5, using NaOH.   
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Table 3.S2, related to Figure 3.4A.  Affinity purification and quantification of bacterial 

folates.  

 

 
Sample 

Total folate  
(no conjugase) 

(µg folate/g lyoph. 
bact.) 

Total folate 
(post conjugase) 

(µg folate/g lyoph. 
bact.) 

Percent recovery of 
purified folates 

(post conjugase)a 

OP50 bacterial extract 19.9 49.8  

HT115 bacterial extract   5.9 19.6  

DA1877 bacterial 
extract 

42.2 98.7  

OP50 purified folates 12.4 55.5 111% 

HT115 purified folates   2.9 33.2 169% 

DA1877 purified 
folates 

29.7 54.6  55% 

OP50 folate-free 
extract 

undetectable undetectable  

HT115 folate-free 
extract 

undetectable undetectable  

DA1877 folate-free 
extract 

undetectable undetectable  

 

aThe percent recovery can be over-estimated if the post-purification folates are better able to 

stimulate growth in the microbial folate assay that is used to determine concentration. 
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Supplemental Experimental Procedures 

 

Treatment of FBS prior to inclusion in CeM1 medium 

Three sequential treatments were performed on FBS prior to its inclusion in CeM1 medium.  

FBS was heat inactivated by incubation at 56°C or 65°C for 30 minutes.  The FBS was then 

incubated with 50 mg/ml of the strongly basic resin Amberlite IRA 400-CL (Sigma-Aldrich, 

247669) that had been prewashed in water, on a rotator for 4-6 hours at room temperature.  The 

FBS was separated from the beads by centrifugation, transferred to a fresh tube, and incubated 

with a second round of 50 mg/ml Amberlite IRA 400-CL beads overnight at 4°C.  After 

separating the FBS from the Amberlite IRA 400-CL beads, the FBS was rotated with 100 mg/ml 

charcoal-dextran (Sigma-Aldrich, C6241) overnight at 4°C.  The charcoal-dextran was removed 

by two sequential centrifugations at 3500 rpm for 30 min, 4°C.  For all experiments, unless 

otherwise specified, FBS was heat-inactivated and treated with Amberlite IRA 400-CL and 

charcoal-dextran.  We have observed differences in the performance of FBS lots, similar to what 

is observed in the cell culture of many other species (data not shown).   

 

C. elegans and bacterial strains 

The following C. elegans strains were used: wild type (N2), glp-1(ar202) (GC143); glp-

1(ar202); cki-2(ok2105); daf-16(mu86) (ET507); unc-119(e2498::Tc1); wIs51[scm::GFP; unc-

119(+)] (JR667); cul-1(e1756)/unc-69(e587); him-5(e1490); wIs51 (ET350); and folt-

1(ok1460)/nT1 [qIs51] (VC959).  Strains with glp-1(ar202) mutants were maintained at 16°C; 

wild-type animals were maintained at 20°C, using established methods (Sulston and Hodgkin, 
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1988).  Unless otherwise stated, eggs for experiments came from hermaphrodites grown on live 

OP50 bacteria. 

 The following bacteria were acquired from the Caenorhabditis Genetics Center: E. coli 

OP50; E. coli HT115(DE3) [F-, mcrA, mcrB, IN(rrnD-rrnE)1, rnc14::Tn10(DE3 lysogen: 

lavUV5 promoter -T7 polymerase]; and Comamonas aquatica DA1877.  HT115(DE3) is 

tetracycline resistant.  DA1877 is streptomycin resistant.  The following bacteria strains were 

obtained from the Coli Genetics Stock Center: JW1082-7 [F-, Δ(araD-

araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔpabC760::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514]; and 

BW25113 [F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514].  

Growth of pabC mutants (JW1082-7) under folate-deficient conditions utilized glucose minimal 

medium (Shehata and Marr, 1970). 

 

Preparation of animals for germ cell isolation 

To obtain synchronous adult germline tumorous mutants, eggs were isolated by sodium 

hypochlorite treatment (Sulston and Hodgkin, 1988).  The eggs were transferred to a 3xNGM 

plate (an NGM agar plate (Sulston and Hodgkin, 1988) with 3x peptone concentration) with a 

lawn of OP50 bacteria and grown at 25°C for four days to ensure that all animals became adults 

with germline tumors.  The animals were washed four times with M9 salt solution (Sulston and 

Hodgkin, 1988) in 15 ml polystyrene tubes (Falcon) to remove live bacteria and transferred to 

heat-killed OP50 bacteria plates, which were created by placing OP50-seeded 3xNGM plates at 

62-67°C for 24 hr.  After two (or more) hours on the heat-killed bacteria plate, the animals were 

transferred to a 12.5 cm2 cell culture flask (Corning) containing 2.5 ml of M9 solution 

supplemented with: heat-killed OP50 bacteria; 200 units penicillin and 0.2 mg streptomycin per 
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ml); 25 µg/ml tetracycline (Sigma-Aldrich, 87128); 34 µg/ml chloramphenicol (Research 

Products International); 50 µg/ml kanamycin; 0.02% normocin; and 5 µg/ml cholesterol.  

Animals were incubated overnight in the antibiotic-supplemented M9 solution. 

 

Folate analysis 

After passage of bacterial extract onto the folate-binding protein affinity column (described in 

Methods), effluents were collected separately and the column was subsequently washed with one 

volume of 0.1 M potassium phosphate buffer pH 7.4, and the effluent was added to the first 

effluent.  The column was subsequently washed with 10 volumes of the same buffer, then with 5 

volumes of 2 mM potassium phosphate buffer pH 7.4 to rid the column of the high salt buffer.  

Folate bound to the columns was then eluted with 20 mM trifluoroacetic acid into tubes that 

contained 10 µl of 10 mM dithiothreitol (Midttun et al.) and 1 M dipotassium phosphate to 

neutralize the acid and protect the eluted folate from oxidation.  

 The affinity chromatography utilizes the high affinity (Kd = 10-9 - 10-11 M) folate binding 

protein, which was purified to almost homogeneity (Selhub et al., 1980; Selhub and Franklin, 

1984; Selhub and Grossowicz, 1973) to purify and concentrate biological folate.  The affinity 

column has been used to purify folates from: diverse tissues from different animals (liver, kidney, 

brain, blood, etc.) that were exposed to different conditions; more than 100 food products; and 

blood and plasma (for examples, see (Poo-Prieto et al., 2006; Rong et al., 1991; Selhub et al., 

1991).  When sufficient concentration permitted, subsequent fractionation of these affinity-

purified extracts was accompanied by detection of peak activities by UV absorption, which 

revealed spectra that were specific for folate; there were no other peaks.  When the concentration 

did not permit the use of UV absorption, we used an ESA CoulArray electrochemical detector 
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consisting of four flow-through, porous-carbon graphite coulometric electrodes, each set at 

incrementally higher potentials.  The different potentials allowed us to distinguish between 

different forms of folates, and at the same time increase the sensitivity of detection by more than 

one order of magnitude.  We used this method to analyze thousands of human plasma samples to 

detect unmetabolized folic acid and other folates.  In these analyses, only two activity peaks were 

detected, 5-methyl-THF and folic acid, no other peaks were detected by the electrochemical 

detector, UV absorbance, fluorescence, or other means (Kalmbach et al., 2011; Morris et al., 

2010).  These results suggest that it is highly unlikely that other compounds coelute with folate at 

significant levels from the affinity column. 

 The following basic folates and pteroates were used: 5-formyl-5,6,7,8-tetrahydrofolic acid 

(Sigma); (6S)-5-formyl-5,6,7,8-tetrahydrofolic acid (Schircks Laboratories); 5-methyl-5,6,7,8-

tetrahydrofolic acid (Merck); (6S)-5-methyl-5,6,7,8-tetrahydrofolic acid (Schircks Laboratories); 

5,6,7,8-tetrahydrofolic acid (Merck); and 7,8-dihydropteroic acid (Schircks Laboratories).  5,10-

methenyl-5,6,7,8-tetrahydrofolic acid and 10-formyl-5,6,7,8-tetrahydrofolic acid were 

synthesized from 5-formyl-5,6,7,8-tetrahydrofolic acid as described (Stover and Schirch, 1992).  

The creation of Glu1, 3, and 6 folate derivatives is described in the section below.  For 

consistency, we will refer to the number of Glu in all folates by a subscript number, so for 

example, folic acid-Glu3 contains three Glu residues.  For tumor frequency assays, the folates 

and other compounds were added to the agar plates when the plates were poured, after allowing 

the agar to cool to ~47°C prior to addition.   
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Interconversion of folates during analysis 

In the analysis of bacterial folate species shown in Fig. 3.S6, the folates were isolated from 

bacteria at pH 7.0 and separated by ion-pair chromatography, also at pH 7.0.  At this neutral pH, 

5,10-methenyl-THF will convert predominantly to 10-formyl-THF, and to some extent 5-formyl-

THF.  For the separation (and subsequent purification) of folates from DA1877 (Fig. 3.5A), 

folates were isolated from bacteria at neutral pH and then purified by ion-pair chromatography at 

neutral pH.  This isolated mixture of folates was then separated by reverse-phase 

chromatography at acid pH to allow the isolation of individual folates.  In the initial purification 

with ion-pair chromatography, 5,10-methenyl-THF would convert predominantly to 10-formyl-

THF (with potential conversion to 5-formyl-THF).  In the subsequent reverse-phase 

chromatography at acid pH, 10-formyl-THF and 5-formyl-THF would convert to 5,10-methenyl-

THF.  In all chromatographic analyses undertaken, 5,10-methylene-THF, if present in the 

bacterial extract, may have converted to THF as a result of the chromatography process (Horne, 

2001). 

 

Synthesis of reduced monoglutamyl and polyglutamyl folates 

Reduced folates were prepared as described previously (Selhub, 1989).  Aliquots of 50 nmoles in 

800 µl water of pteroylglutamates (folic acids) with 1, 3, and 6 glutamate residues (PteGlu1, 

PteGlu3, and PteGlu6, Schircks Laboratories, Switzerland), were reduced to the corresponding 

tetrahydro-pteroylglutamates (H4PteGlun) by potassium borohydride in presence of PtO as a 

catalyst.  0.3 ml aliquots from these solutions were used to synthesize the corresponding 5-

methylH4PteGlun after incubation with formaldehyde and reduction with potassium borohydride 

for 1 hr at 37°C.  Second 0.3 ml aliquots were used for the synthesis of the corresponding 10-
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formylH4PteGlun.  These were mixed with 2 ml formic acid (88%) in the presence of 0.1 M DTE 

and incubated under nitrogen for 1 hr at 37°C.  Excess formic acid was removed by vacuum 

evaporation, and an aliquot of the remaining solution was brought to pH 8.3 for converting the 

5,10-methenylH4PteGlun to the corresponding 10-formyl- derivatives.  The purity of the products 

was determined by ion-pair HPLC and spectral analysis with a diode array detector (Selhub, 

1989). 

 

Isolation of individual folate species from bacteria 

Lyophilized DA1877 bacteria were heat extracted by boiling for 15 min in 2% sodium ascorbate.  

After centrifugation, folates in the supernatant were purified by affinity chromatography using 

highly-purified milk folate binding protein bound to Sepharose (Selhub et al., 1988).  The 

affinity purified folate was then fractionated by ion-pair chromatography, which separates folates 

into clusters each with the same number of glutamate residues (Selhub, 1989).  Fractions from 

same cluster were combined, vacuum evaporated to remove acetonitrile, and passed through a 

C18 Sep Pack cartridge, which retains all folates in the combined fractions.  The cartridge was 

then washed with 5 ml of acid (pH 3.0) solution, and then eluted from the cartridge with 1 ml of 

methanol containing 10 mM dithioerythritol, DTE.  The eluate was evaporated to dryness, 

reconstituted with a pH 7.0 buffer solution containing 10 mM DTE, and fractionated with HPLC 

using an acetonitrile gradient elution at acid pH (2.6) (Bagley and Selhub, 2000).  In this method, 

folates are separated on the basis of their pteridine ring structure (Fig. 3.5A) thus allowing the 

collection of separate forms of folate. 
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RNA interference 

Feeding RNAi was performed as described (Kamath and Ahringer, 2003).  Feeding-RNAi 

constructs, expressed in HT115(DE3) bacteria, were obtained from the Ahringer library (Kamath 

et al., 2003).  Overnight cultures of RNAi-feeding bacteria in LB medium were induced the next 

day on NGM agar plates containing 1mM IPTG and 100 µg/ml carbenicillin.  Eggs or 

synchronized L1 larvae were placed on the RNAi plates and adults were scored for tumor 

frequency assay or harvested for analysis of mitotic germ cell numbers, or EdU incorporation 

assays with isolated germ cells.   

 

Immunofluorescence and analysis of mitotic germ cell numbers 

For the analysis of mitotic germ cell numbers, eggs were isolated by sodium hypochlorite 

treatment (Sulston and Hodgkin, 1988) of gravid adults.  Synchronized L1-stage larvae were 

isolated by placing the eggs in M9 solution with 0.5 µg/ml cholesterol and incubating overnight 

at 25°C.  The L1 larvae were placed on NGM agar plates with the indicated additives and live or 

heat-killed bacteria at 20°C.  Plates seeded with heat-killed OP50 bacteria contained 100 µg/ml 

carbenicillin and 25 µg/ml tetracycline to prevent growth of any possible bacterial contaminants.  

After development to the young adult stage, hermaphrodites (without eggs) were segregated onto 

new plates and cultured for 36 hr.  Gonads were dissected from animals 36 hr-post adulthood.  

To harvest gonads, adults were placed in 20 µl of PBS containing 0.875 mM tetramisole (Sigma).  

Animals were cut behind the pharynx using 21g syringe needles to extract the gonad.  Using a 

glass Pasteur pipette, extracted gonads were collected in 1.5 ml pre-lubricated micro-centrifuge 

tubes and fixed by incubation with 3% formaldehyde in 0.1 M K2HPO4 (pH 7.2) buffer for 1 hr 

at room temperature.  Following fixation, the gonads were permeabilized by incubation with -
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20°C 100% methanol for 5 min.  Gonads were blocked in PBT (PBS + 0.1% Tween-20) with 

0.5% bovine serum albumin (BSA, Fisher) for 30 min at room temperature, and then incubated 

with anti-phosphohistone H3 (Ser10) antibody (Cell Signaling; 1:200 dilution) in PBT + 0.5% 

BSA overnight at 4°C.  Samples were washed 3 times in PBT; incubated with Dylight 488 Goat 

anti-rabbit secondary antibody (Thermo Scientific Pierce; 1:500) in PBT + 0.5% BSA for 2 hr at 

room temperature; then washed 3 times with PBT.  DNA was stained with 1 µg/ml Hoechst 

33342.  Extracted gonads were mounted on slides with 90% glycerol and 1 mg/ml p-

phenylenediamine (Sigma) and visualized using a Zeiss Axioskop microscope.  The number of 

nuclei in the proliferative zone was determined by counting mitotic nuclei based on morphology 

(Michaelson et al., 2010), using image stacks of dissected gonads stained with Hoechst 33342.  

The Image J plugin program Point Picker was used to assist in germ cell counts 

(http://bigwww.epfl.ch/thevenaz/pointpicker/). 

 For Figure 1B, wild-type and glp-1(gf); cki-2; daf-16 mutant animals were harvested by 

hypochlorite treatment and eggs were placed on 1X NGM plates and grown at 25°C for 3 days.  

Gonads were dissected and fixed as described above.  Gonads were incubated with anti-

phosphohistone H3 (Ser-10) antibody (Cell Signaling; 1:200) and anti-HIM-3 antibody (Zetka et 

al., 1999) (the kind gift of Monika C. Zetka; 1:200) in PBT + 0.5% BSA overnight at 4°C and 

processed as described above. 

 

Analysis of seam cell numbers 

Eggs from the strains JR667 and ET350 were isolated by sodium hypochlorite treatment and 

placed on live bacteria with 10 µM PABA or ethanol control.  After 4 days at 20°C, adult 

hermaphrodites were analyzed for seam cell numbers.  cul-1(e1756) homozygotes (strain ET350) 
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do not become adults and were also analyzed as 4-day old larvae.  Seam cell numbers were 

determined based on GFP epifluorescence on one lateral side of each of 10 animals per condition. 
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CHAPTER 4 

THE STEROID HORMONE DAFACHRONIC ACID INHIBITS GERMLINE STEM CELL 

PROLIFERATION IN C. ELEGANS 1 
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Abstract 

Dafachronic acid (DA) is a steroid hormone that is responsible for controlling dauer formation 

and regulating lifespan in C. elegans. In this work, we describe DA as an inhibitor of C. elegans 

germ stem cell proliferation.  Using the C. elegans germ cell primary culture system described in 

Chapter 3, we show that DA restricts proliferation of isolated germ cells in culture.  DA also 

inhibits tumor formation in a tumorous germline mutant in vivo and decreases the proliferation 

of wild-type germ cells.  Conversely, the loss of DAF-9 cytochrome P450 (CY450), which is 

responsible for the production of DA, increases tumor frequencies in germline tumorous mutants 

and increases the number of mitotic germ cells in wild-type animals.  We demonstrate that DA 

requires its canonical receptor DAF-12 to mediate the inhibition of germline stem cell 

proliferation both in vivo and in vitro.  
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Introduction 

Steroid-hormone signaling in C. elegans enables the nematode to progress through development, 

maintain homeostasis, and regulate longevity (Aguilaniu et al., 2016; Wollam and Antebi, 2011).  

This is generally accomplished by binding of the steroid hormones to nuclear hormone receptors 

(NHRs) to regulate their transcriptional activity (Wollam and Antebi, 2011).  The nematode can 

sense unfavorable conditions, such as shortage of food, crowding and turn on developmental 

programs that lets it enter a mode of growth suspension called the Dauer larval stage, where it 

remains non-reproductive and stress-resistant (Aguilaniu et al., 2016).  Under replete conditions, 

where food is abundant, insulin (IIS) and TGFβ signaling pathways converge on daf-

9/cytochrome P450 (CY450) leading to the production of 3-keto bile acid like steroids called 

dafachronic acids (DA) (Antebi, 2013b; Mahanti et al., 2014; Motola et al., 2006).  The 

cytochrome P450 family of genes is responsible for detoxification of xenobiotic compounds and 

synthesis and degradation of steroid hormones (Gerisch et al., 2007).  daf-9/CY450 catalyzes the 

last step in converting two distinct precursor molecules into Δ4- and Δ7-DAs (Motola et al., 

2006).  In addition to Δ4- and Δ7-DAs, several other physiological DAs have since been 

identified (Mahanti et al., 2014).  DAs bind to the NHR DAF-12, which then activates 

reproductive programs, whereas the un-liganded DAF-12 (not bound to DA) forms a 

heterocomplex with the co-repressor DIN-1/SHARP, leading to larval arrest and entry into dauer 

phase (Fig. 4.1) (Aguilaniu et al., 2016; Ludewig et al., 2004).  

DAF-12 and DA regulate adult lifespan in a complex manner.  DAF-12 that is not bound 

by DAs promotes adult lifespan at low temperatures (Gerisch et al., 2007; Jia et al., 2002), but 

shortens lifespan at high temperatures (Gerisch et al., 2007; Gerisch et al., 2001; Hsin and 

Kenyon, 1999; Jia et al., 2002).  Additionally, DA-bound DAF-12 promotes longevity in animals 
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that lack the germline (Gerisch et al., 2007; Gerisch et al., 2001; Hsin and Kenyon, 1999).  Loss 

of the germline precursor cells in the L1 stage results in animals that lack all germ cells, and 

these mutants have extended lifespan by almost 60% (Hsin and Kenyon, 1999).  However, 

animals lacking both the germline and somatic gonad do not show extended lifespan, suggesting 

that lifespan extension depends on signals from the somatic gonad (Aguilaniu et al., 2016; 

Yamawaki et al., 2010).  Removal of the germline causes heightened production of DAs (Shen et 

al., 2012) that activates DAF-12, which then mediates the transcription of microRNAs mir-84 

and mir-241 (Boehm and Slack, 2005).  These microRNAs facilitate the nuclear localization of 

the FOXO transcription factor DAF-16, by negatively regulating inhibitors of DAF-16 (Berman 

and Kenyon, 2006; Boehm and Slack, 2005; Gerisch et al., 2007).  DAF-16/FOXO is a key 

mediator of longevity and the IIS pathway regulates its activity, however in germline-mediated 

longevity, its activity appears to be independent of IIS signaling (Antebi, 2013a).  DAF-12 along 

with DAF-16, are required to transcribe key lifespan extension genes in regulating germline-

mediated longevity (McCormick et al., 2012).  

Dietary restriction (DR), induced by a reduction of caloric intake, extends lifespan in C. 

elegans, Drosophila, yeast, and other eukaryotes (Masoro, 2005).  DR results in a reduction of 

germ cell numbers in the proliferative zone in wild-type C. elegans (Thondamal et al., 2014).  

The same study also showed that DR increased the transcription of daf-9 as well as the 

production of Δ7-DA by several-fold in wild-type adult worms (Thondamal et al., 2014).  

However, the lifespan extension under DR was not dependent on DAF-12, but on a different 

NHR called NHR-8 (Thondamal et al., 2014).  NHR-8 is a non-canonical NHR that regulates 

cholesterol homeostasis and bile acid metabolism in C. elegans (Magner et al., 2013).  Using a 

weak nhr-8 deletion allele that has a deletion in the ligand-binding domain, Thondamal et. al 
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showed that NHR-8 acts downstream of Δ7-DA to promote lifespan extension in C. elegans 

under DR conditions (Thondamal et al., 2014).  They also show that under DR conditions, NHR-

8 is required to reduce the levels of mTOR/let-363 signaling, which is in turn is known to 

regulate germline proliferation in the proliferative zone in the C. elegans gonad (Korta et al., 

2012).  These observations tie together nutrient sensing and germline plasticity to adult lifespan 

control (Thondamal et al., 2014).   

Thondamal et al. proposed that NHR-8, which is a close homolog of DAF-12, directly 

mediates DA signaling in response to DR (in their hands, complete starvation).  They showed 

that DA was required for DR-mediated loss of germ cells by showing that a daf-9 mutant (which 

is incapable of making DA) did not have a decrease in germ cells upon DR, but the decrease in 

germ cells could be restored by exogenously adding DA.  nhr-8 mutants (which similarly do not 

make DA) also did not exhibit a decrease in germ cell numbers in response to DR, but, 

significantly, there was still no decrease upon adding exogenous DA (Thondamal et al., 2014).  

This suggested that NHR-8 is required for DA to affect germ cell numbers.  While the authors 

proposed that NHR-8 may directly bind DA and mediate its effects on germ cells, there are 

critical evidence that was not shown to support this.  For example, it was not shown that DA or 

NHR-8 functioned cell autonomously in the germ cells to mediate the response to DA, or that 

NHR-8 could bind or be directly activated by DA.  The role of the canonical DA receptor DAF-

12 was also not analyzed for its effects on germ cells (although it was shown to not be required 

for the effect of DA on DR-mediated lifespan extension). 

In this work, we demonstrate that DA is a cell-autonomous inhibitor of germ stem cell 

proliferation by using an isolated germ cell culture system.  We use a tumorous germline mutant 

glp-1(ar202); cki-2(ok2105); daf-16(mu86) described in Chapter 3, to demonstrate the effects of 
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DA on isolated germ cells.  The germ cells isolated from this strain can live for over a month in a 

specialized germ cell culture medium, CeM1, which has also been described in Chapter 3.  We 

show that the addition of DA inhibits germ cell survival in culture and this is dependent on the 

canonical NHR DAF-12.  We also show that under normal feeding conditions, exogenous DA is 

able to inhibit tumor formation in the tumorous germline mutant and as well as decrease the 

number of mitotic germ cells in the wild-type germline in a DAF-12 dependent manner.  

 

Materials and methods 

C. elegans and bacterial strains 

C. elegans strains used for this study were: wild-type (N2), glp-1(ar202) (GC143), glp-1(ar202); 

cki-2(ok2105); daf-16(mu86) (ET507), daf-12(rh61rh412) (AA18), and glp-1(ar202); cki-

2(ok2105); daf-16(mu86); daf-12(rh61rh411) (ET526).  Strains with glp-1(ar202) mutants were 

maintained at 16°C; wild-type animals were maintained at 20°C, using established methods 

(Sulston and Hodgkin, 1988).  The following bacteria were used: E. coli OP50; E. coli 

HT115(DE3) [F-, mcrA, mcrB, IN(rrnD-rrnE)1, rnc14::Tn10(DE3 lysogen: lavUV5 promoter -

T7 polymerase].  HT115(DE3) is tetracycline resistant.  All bacteria strains were obtained from 

the Caenorhabditis Genetics Center. 

 

Dafachronic acids 

Δ4- and Δ7-dafachronic acids were purchased from Cayman Chemicals.  Stock solution of 1mM 

dafachronic acid was made in 100% Ethanol; and ethanol was used as carrier control.  
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Culture of C. elegans germ cells in CeM1 medium 

CeM1 medium was prepared as described in Chapter 3.  Animals were prepared and germ cells 

were isolated from the glp-1(ts); cki-2; daf-16 mutants as described in Chapter 3.  Bacterial 

extract and folates used to stimulate germ cell proliferation were prepared as described in 

Chapter 3. 

 

EdU-incorporation assay 

After germ cells were incubated 24 hrs in CeM1 medium (as described in Chapter 3), EdU was 

added to a concentration of 20 µM.  24 hrs after addition of EdU, cells were harvested and 

processed with the Click-iT Alexa Fluor 488 Imaging kit (Life Technologies), according to the 

manufacturer’s protocol.  2 µg/ml Hoechst 33342 was used to stain DNA and cells were 

analyzed by epifluorescence microscopy.  Images of EdU Alexa Fluor 488 staining were taken 

initially, and then images of Hoechst staining were taken subsequently.  At least 150 cells were 

counted for each condition. 

 

RNA Interference 

RNAi was performed as described (Kamath et al., 2003).  Feeding-RNAi constructs of daf-9, 

nhr-8, and empty vector expressed in HT115(DE3) bacteria, were obtained from the Ahringer 

library (Kamath et al., 2003).  Overnight cultures of RNAi-feeding bacteria in 2XYT medium 

were induced the next day on NGM agar plates containing 1mM IPTG and 100 µg/ml 

carbenicillin.  Eggs or synchronized L1 larvae were placed on the RNAi plates and adults were 

scored for: tumor frequency; mitotic germ cell numbers in adults that were 36 hrs post young-

adulthood; or EdU incorporation with isolated germ cells.   
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Assay for germ cell viability 

Live/dead cell counts were carried out to test the viability of germ cells under varying 

dafachronic acid conditions over the course of a month.  The live-cell stain calcein-AM (Sigma-

Aldrich, C1359; 1 µM), and the dead-cell stain ethidium homodimer (Sigma-Aldrich, E1903; 0.1 

µM) were used (Zhang et al., 2011).  Three counts were made for each sample using a cellometer 

counting grid (CP2, Nexcelom Bioscience LLC) and analyzed using an inverted fluorescence 

microscope (Zeiss Axio Observer.A1); cell count variation is presented as SEM.  Germ cells 

were isolated from 25 adult hermaphrodites for 0.5 ml/well of a 24-well plate. 

 

Tumor frequency assay 

Eggs isolated by sodium hypochlorite treatment were placed on 1x NGM plates seeded with 

either OP50 bacteria or HT115 containing RNAi vector or empty vector, and with or without 

dafachronic acid supplementation.  Tumor frequencies were analyzed at the semi-permissive 

temperature of 18°C.  After synchronized growth from eggs to L4-stage larvae (see below), the 

L4 larvae were transferred to fresh plates with or without RNAi and dafachronic acids (~100 

larvae/plate; 3 plates per condition).  On the second day after transfer, the percentages of adult 

animals with tumors were scored on each of the plates.  Average tumor frequencies were derived 

from the triplicate measurements.   

 

Immunofluorescence and analysis of mitotic germ cell numbers 

To obtain populations of synchronized L1-stage larvae, eggs were isolated by sodium 

hypochlorite treatment (Sulston and Hodgkin, 1988) of gravid adults and placed in M9 buffer 

with 0.5 µg/ml cholesterol overnight at 25ºC.  The next day, the L1 larvae were placed on 1X 
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NGM agar plates with the indicated additives.  Young adult-stage hermaphrodites (without eggs) 

were segregated onto new plates.  Animals were placed on DA and ethanol control plates 12 hrs 

post young-adulthood, and maintained on these treatments for 24 hrs prior to harvesting the 

gonads.  Gonads were dissected from animals 36 hrs-post young-adulthood.  To dissect gonads, 

adults were placed in 20 µl of phosphate buffered saline (PBS) containing 0.875 mM tetramisole 

(Sigma).  Animals were cut behind the pharynx using 21g syringe needles to extract the gonad.  

A glass Pasteur pipette was used to transfer gonads to 1.5 ml pre-lubricated micro-centrifuge 

tubes.  The gonads were fixed by incubation with 3% formaldehyde in 0.1 M K2HPO4 (pH 7.2) 

buffer for 1 hr at room temperature.  After fixation, the gonads were permeabilized in -20°C 

100% methanol for 5 min.  Gonads were then blocked by incubation for 30 min at room 

temperature with PBT (PBS + 0.1% Tween-20) with 0.5% bovine serum albumin (BSA, Fisher).   

Anti-phosphohistone H3 (Ser10) antibody (Cell Signaling) was diluted (1:2000) in PBT + 

0.5% BSA and incubated with the gonads overnight at 4°C.  The next day, samples were washed 

3 times in PBT; incubated with Dylight 488 Goat anti-rabbit secondary antibody (Thermo 

Scientific Pierce; 1:500) in PBT + 0.5% BSA for 2 hrs at room temperature; then washed 3 times 

with PBT.  DNA was stained by incubation for 5 mins with 2 µg/ml Hoechst 33342 in PBT.  

Samples were mounted on slides with 90% glycerol and the anti-bleach agent 1 mg/ml p-

phenylenediamine (Sigma).  Samples were visualized using a Zeiss Axioskop microscope with 

ORCA ER CCD camera.  Phosphohistone H3 (Ser10) marks mitotic germ cells (Hendzel et al., 

1997).  The number of mitotic germ cells in the proliferative zone was determined (Michaelson 

et al., 2010)by counting mitotic germ cells based on Hoechst staining morphology as described 

by  (Michaelson et al., 2010).  Z- stacks of dissected gonads were obtained at 0.5 µM intervals 

using a Ludl hardware controller and shutters controlled with Openlab Automation software.  
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Image z-stacks were analyzed with Image J software (Schindelin et al., 2015) using the Point 

Picker plugin (http://bigwww.epfl.ch/thevenaz/pointpicker/). 

 

Statistical Analysis 

Two-tailed Student's t-test was used to analyze the three replicates of tumor frequencies, the data 

for mitotic index, numbers of germ cell nuclei in the proliferative zone.  Chi-squares test was 

used to analyze the percentages of EdU positive cells.  The nonparametric Mann-Whitney test 

was used to analyze the number of phosphohistone H3 positive cells per gonad arm.  Error bars 

reflect standard error of the mean (s.e.m) 

 

Results 

Dafachronic acid inhibits C. elegans germ cell proliferation in a cell-autonomous manner 

The germ cell culture system described in Chapter 3 can be used to test physiologically active 

compounds and their effects on germ cell survival and proliferation.  Under nutrient deprived 

conditions DA levels increase in C. elegans, which leads to a reduction in the number of germ 

cells in the proliferative zone in the gonad (Thondamal et al., 2014).  We wanted to determine if 

adding DA exogenously had a similar effect on the survival and proliferation of in vitro culture 

of germ cells isolated from the tumorous mutant glp-1(ts); cki-2; daf-16.  We found that the 

addition of physiological concentrations of ∆7-DA (Motola et al., 2006) had deleterious effects 

on isolated germ cells: causing them to die more rapidly with increasing concentration  (Fig 4.2).  
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Dafachronic acid inhibits C. elegans germ cell proliferation in a DAF-12 dependent manner  

As described in Chapter 3, the addition of specific bacterial folates increases germ stem cell 

proliferation in vitro.  We wanted to determine whether the addition of DA reduced DNA 

replication in germ cells obtained from glp-1(ts); cki-2; daf-16 tumorous germline mutants.  As a 

measure of DNA replication, we determined the percentage of cells incorporating the thymidine 

analog EdU.  Consistent with our observations from the germ cell survival data (Fig. 4.2), we 

found that the addition of the 1 µM ∆4-DA reduced EdU incorporation in glp-1(ts); cki-2; daf-16 

germ cells provided with bacterial extracts containing stimulatory folates (Fig 4.3A).   

To determine the role of the canonical DA binding receptor DAF-12 in the inhibition of 

EdU incorporation, we combined a daf-12 null allele (rh61rh411) with the glp-1(ts); cki-2; daf-

16 mutant alleles.  The daf-12 (rh61rh411) used here contains mutations in both the DNA and 

ligand bind domains of DAF-12 (Antebi et al., 2000).  Germ cells isolated from the glp-1(ts); 

cki-2; daf-16; daf-12 quadruple mutant strain were not affected by the addition of 1 µM ∆4-DA 

(Fig 4.3A).  These results suggest that dafachronic acid inhibits germ cell cycle progression 

and/or DNA replication in a DAF-12-dependent and cell-autonomous manner. 

To determine if dafachronic acid inhibits germ cell proliferation in vivo, we added 1 µM 

∆7-dafachronic acid to glp-1(ts); cki-2; daf-16 mutants at the semi-permissive temperature (18ºC) 

and analyzed their tumor frequency.  Indeed, the addition of ∆7-DA significantly reduced the 

frequency of animals displaying tumors.  Introducing the daf-12 loss-of-function allele 

significantly increased the percentage of animals that had tumors in the glp-1(ts); cki-2; daf-16 

mutants at 18ºC.  Addition of ∆7-DA was not able to inhibit tumor formation in the quadruple 

glp-1(ts); cki-2; daf-16; daf-12 mutant, suggesting that functional DAF-12 is necessary for DA to 

inhibit germ cell proliferation (Fig 4.3B).   



 

 179 

∆4-DA also negatively impacts the number of mitotic germ stem cells in wild-type 

gonads.  We measured by the number of mitotic cells per gonad arm using the mitotic cell 

marker anti-phospho-histone H3 (pH3) staining (Hendzel et al., 1997).  We observed that 

addition of 1 µM ∆4-DA significantly reduced the number of pH3-positive cells per gonad arm in 

the wild type (Fig. 4.3C).  The inhibition of wild-type germ cell proliferation was similarly 

ameliorated by a mutation in daf-12, indicating that DAF-12 mediates the inhibitory effects of 

DA in wild-type germ cells (Fig 4.3C).  Addition of 1 µM ∆4-DA also showed a significant 

reduction in the total number of germ cell nuclei in the proliferative gonadal region of wild-type 

animals, which was not observed when ∆4-DA was added to the daf-12(rh61rh412) null mutant 

(Fig 4.3D and E).  These results suggest that DA is able to inhibit mitotic and proliferating germ 

cells in wild-type background in a DAF-12 dependent manner.  

 

daf-9 RNAi increases germ cell proliferation 

daf-9 encodes for a cytochrome P450/CY450 that catalyzes the final step in synthesizing both 

∆4-and ∆7-DAs (Antebi, 2013b).  RNAi depletion of daf-9 increased tumor formation in glp-

1(ts); cki-2; daf-16 mutants and the number of mitotic pH3-positive cells in wild-type gonads 

(Fig 4.4A, B), suggesting that abolishing DA production increases germline tumor formation as 

well as mitotic germ cell proliferation. 

 

Dafachronic acid inhibits germ cell proliferation independent of nhr-8 

The steroid hormone receptor NHR-8 has been implicated in mediating the effect of DA on 

reducing germ cell proliferation under starvation conditions (Thondamal et al., 2014).  Notably, 

the role of DA and NHR-8 in regulating normal cell proliferation has not been studied.  We 
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wanted to determine whether the germ cell inhibitory effect of DA was mediated soley by DAF-

12, or if NHR-8 also was required for the inhibition.  We used RNAi to deplete nhr-8 in glp-

1(ts); cki-2; daf-16 mutants and asked whether the isolated germ cells were still inhibited by 

added DA.  To stimulate germ cell proliferation, the stimulatory folate 5,10 methynele-THF-Glu6 

(described in Chapter 3) was added and the effect of DA was assessed.  We observed that 1µM 

Δ4-DA was able to reduce the stimulatory effect of 5,10 methynele THF6 on germ cell 

proliferation even in nhr-8(RNAi) germ cells (Fig. 4.5).  This suggests that NHR-8 is not required 

for Δ4-DA to mediate its effect of inhibiting germ cell proliferation, but rather DA appears to 

mediate its effects on germ cells soley through its canonical receptor DAF-12. 

 

Discussion 

Using our primary germ cell isolation and culture system, we have identified a novel germ cell 

inhibitory signal that works cell-autonomously to prevent germ cell proliferation.  We have 

shown that dafachronic acids (Δ4 and Δ7) can inhibit isolated germ cell proliferation in culture in 

a DAF-12-dependent and NHR-8-independent manner.  We have also demonstrated these effects 

in vivo.  DAs can inhibit tumor formation in intact tumorous worms of the glp-1(ts); cki-2; daf-

16 background at the semi-permissive temperature, and this is dependent on the presence of a 

functional DAF-12 receptor.  RNAi inhibition of daf-9, which is responsible for synthesizing 

DAs in C. elegans, increases the percentage of tumorous mutants.  This implies that the normal 

physiological generation of DA constitutively inhibits germ cell proliferation.   

The inhibitory effect of DAs on germ cells is not limited to tumorous mutants.  Addition 

of Δ4-DA to wild-type animals significantly reduces the number of germ cells in the proliferative 

zone, as well as the number of mitotic germ cells as visualized by pH3 staining.  This effect is 
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similarly dependent on the presence of a functional DAF-12 receptor, as providing exogenous 

Δ4-DA to the daf-12(rh61rh412) null mutant fails to reduce the number of germ cells or pH3 

positive cells in an otherwise wild-type background.   

Dietary restriction (DR) of C. elegans has been shown to increase the amount of daf-9 

mRNA as well DA levels in C. elegans (Thondamal et al., 2014).  C. elegans is normally 

maintained in the laboratory by culturing the animals on an agar surface with a lawn of E.coli 

OP50 as food source (Hosono et al., 1989).  DR or bacterial deprivation is achieved by reducing 

the amount of bacterial lawn present on the NGM surface (Greer et al., 2007) or by growing the 

animals for a certain portion of their life without any bacteria (Thondamal et al., 2014).  DR 

drastically reduced the number of germ cells in the proliferative zone in wild-type C. elegans.  

However, when daf-9 mutants were subjected to DR, they did not show any reduction in germ 

cell numbers in the proliferative zone (Thondamal et al., 2014).  This effect of the daf-9 mutation 

appears to be due to a failure to make DA, as addition of exogenous DA under DR conditions 

reintroduced the germ cell deficit phenotype (Thondamal et al., 2014).   An nhr-8 mutant that 

lacked the ligand-binding domain blocked the decrease in germ cell numbers under DR 

conditions, even when exogenous DA was provided to the nhr-8 mutants.  This led the authors to 

propose that under DR conditions, DA mediates its inhibitory effects on germ cell proliferation 

through NHR-8, and the authors proposed the NHR-8 functions as the DA receptor for this role 

(Thondamal et al., 2014).  Notably, the authors did not demonstrate that NHR-8 directly binds 

DA, and did not directly test the role of DAF-12 in regulating germ cell numbers in response to 

DA.  Therefore, it is still possible that under DR conditions, both NHR-8 and DAF-12 are 

required to allow DA to inhibit germ cell proliferation.  In this regard, it should be noted that 

NHR-8 controls the production of DAs by regulating the metabolism of its sterol precursor 
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molecule, (Magner et al., 2013), but it may also regulate production of other hormones besides 

DA.  So it is possible that the nhr-8 may mediate its effects under DR conditions via DA 

independent mechanisms.  

We described in Chapter 3 that bacterial folates increase germ stem cell proliferation in 

culture as well as in vivo.  Insulin signaling (IIS) and TGFβ are two other systemic signals that 

promote germ stem cell proliferation (Dalfo et al., 2012; Michaelson et al., 2010).  Notably, DA 

and bacterial folates, as well as insulin signaling control lifespan in C. elegans.  Both IIS and 

bacterial folates inhibit lifespan but increase germ cell proliferation (Antebi, 2013a; Kenyon, 

2010; Virk et al., 2012; Virk et al., 2016), whereas DA extends lifespan but decreases germ cell 

proliferation (Gerisch et al., 2007; Yamawaki et al., 2010).  These inverse relationships may 

reflect a trade-off between reproductive lifestyle and long-life: the availability of abundant food 

is relayed to GSCs by bacterial folates and insulin/IGF-like signaling leading to increased GSC 

proliferation in order to maximize offspring production; conversely, scarcity of optimal food 

leads to the inhibition of GSC proliferation and the activation of lifespan extension pathways. 
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Figure 4.1  Diagram showing dafachronic acid (DA) and DAF-12 modulating heterochronic 

decisions and germ cell regulation.  

DAF-9/ CY450 synthesizes the steroid hormone Dafachronic acids (DA).  Under favorable 

conditions (i.e when food is abundant), DA binds to the nuclear hormone receptor DAF-12 and 

inhibits germ stem cell proliferation.  Under unfavorable conditions, DAF-12 is bound by its co-

repressor DIN-1S/SHARP and allows Dauer/ Diapause programs to initiate. 
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Figure 4.2. Dafachronic acid inhibits germ cell survival and proliferation in vitro.  

The addition of ∆7-dafachronic acid (at the indicated concentrations) is deleterious to isolated 

germ cells from glp-1(ts); cki-2; daf-16 mutants, as demonstrated by a decrease in live germ cell 

counts over time.   
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Figure 4.3. The inhibition of germ cell proliferation is dependent on the nuclear hormone 

receptor DAF-12.   (A) Percentage of cells showing EdU incorporation for glp-1(ts); cki-2; daf-

16 germ cells as well as glp-1(ts); cki-2; daf-16; daf-12(rh61rh411) germ cells growth with 
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HT115 bacterial extract (to stimulate EdU incorporation) and with either 1 µM ∆4-DA or ethanol 

control. 

(B, C, D and E) ∆7- and ∆4-dafachronic acid, respectively, inhibit tumor formation (B), mitotic 

GSCs numbers in wild-type and (C), and the number of germ cell nuclei in the proliferative zone 

in wild-type (D) in a DAF-12-dependent manner.  (E) Merged Z-stacks of Hoechst stained 

dissected gonads of wild-type (top panels) and daf-12 (rh61rh412) (bottom panels) mutant 

animals marking the proliferative zone with a dotted red line.  Left panels are gonads treated 

with ethanol carrier (EtOH) control and right panels are gonads treated with 1 µM ∆4-DA.  Scale 

bar, 20 µM.  
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Figure 4.4.  daf-9 RNAi increases germ cell proliferation.   Blocking dafachronic acid 

formation in vivo with daf-9 RNAi increases tumor formation in glp-1(ts); cki-2; daf-16 mutants 

(A), and the number of mitotic GSCs per gonad arm in wild-type animals (B). 
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Figure 4.5.  NHR-8 is not required for dafachronic acid-mediated germ cell inhibition.   

Percentage of cells showing EdU incorporation when cells were isolated from glp-1(ts); cki-2; 

daf-16 grown under control RNAi or nhr8 RNAi.  The germ cell stimulatory folate 5, 10 

methynele-THF-Glu6 was added to each condition along with either ethanol carrier control 

(EtOH) or 1 µM Δ4-DA. 
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CHAPTER 5 

CONCLUSIONS AND DISCUSSION 

 

Regulation of Notch signaling by CRL2LRR-1 

In Chapter 2 we described CRL2LRR-1 as a novel negative regulator of LIN-12/Notch signaling 

during C. elegans vulval development.  Loss of LRR-1 leads to an impenetrant (~1%) Muv 

phenotype, which we have confirmed is due to a failure in negatively regulating LIN-12/Notch 

signaling.  Although lrr-1 has an impenetrant Muv phenotype, its Muv phenotype is exacerbated 

in sensitized backgrounds that enhance LIN-12/Notch activity, as well as genetic backgrounds 

that decrease Ras–MAPK activity.  The modest phenotype of lrr-1 mutant alone is emblematic 

of many regulators of both Ras–MAPK and LIN-12/Notch involved in C. elegans vulva 

development, which have no abnormal phenotypes on their own, but in combination with loss-

of-function mutations for other pathway regulators, display abnormal vulval phenotypes.  For 

example, loss-of-function in the negative regulators of the Ras–MAPK pathway ark-1, sli-1, 

gap-1, and unc-101 do not have Muv phenotypes on their own, but display Muv in combination 

with each other as well as other components of the Ras–MAPK pathway (Berset et al., 2001; 

Berset et al., 2005; Sundaram, 2006).  In addition, sel-10, an SCF ubiquitin ligase that binds to 

and degrades NICD (Gupta-Rossi et al., 2001; Hubbard et al., 1997; Oberg et al., 2001; Wu et al., 

2001) was discovered as a suppressor of lin-12 hypomorphs (Sundaram and Greenwald, 1993), 

but does not have a Muv phenotype on its own (Hubbard et al., 1997; Jager et al., 2004).  SEL-10 

also plays a role in other developmental aspects in C. elegans where LIN-12/Notch participates.  
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sel-10 null mutants suppress the 2 AC phenotype associated with lin-12 hypomorphs (Sundaram 

and Greenwald, 1993); sel-10 mutants enhance the 0 AC phenotype caused by over-active lin-12 

(Hubbard et al., 1997); enhance the egg-laying defect (Koegl et al.) caused by overexpression of 

lin-12; and enhance the gonad migration (Mig) defect associated with increased LIN-12/Notch 

activity in males (Hubbard et al., 1997).  It will be interesting to analyze if CRL2LRR-1 is involved 

in regulating LIN-12/Notch signaling with respect to these other developmental processes.   

We identified DAF-12 and CES-1 as transcription factors that bind to regulatory regions 

of Notch transcriptional targets.  RNAi elimination of DAF-12 or CES-1 causes reduction in the 

elevated lip-1p::GFP levels in lrr-1 mutants.  Although we do not know whether LRR-1 affects 

CES-1 levels, we have shown that DAF-12 protein levels are negatively regulated by LRR-1.  

We showed that LRR-1 does not affect daf-12 mRNA levels, indicating that DAF-12 is regulated 

by LRR-1 at the post-transcriptional or post-translational level.  The exact mechanism by which 

DAF-12 protein levels are affected by CRL2LRR-1 is subject to further research.  

Our studies show LRR-1 is a negative regulator of LIN-12/Notch levels, both the full-

length receptor as well NICD levels.  The downstream Notch target genes (lst-2, lst-4, dpy-23, 

and lip-1) are also elevated in lrr-1 mutants.  However sel-10 mutants do not show elevated 

levels of all Notch target genes.  These results point towards a key difference in the mechanism 

of regulation of LIN-12/Notch signaling by these two genes.  Our results imply that LRR-1 acts 

downstream of SEL-10, at the level of regulating Notch target gene transcription, which in turn 

may work via a positive feedback loop to to stabilize LIN-12 full-length as well as NICD protein 

levels in the VPCs in lrr-1 mutants.   

Humans and other mammals have four Notch proteins (Notch1-4), that although very 

similar to each other, have differences in their extracellular and cytoplasmic domains as well as 
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five different ligands belonging to the Delta (DLL1, 3 and 4) and Serrate (Jagged1, Jagged 2) 

family (Capaccione and Pine, 2013).  Notch is known to positively regulate itself in certain 

cancerous cell lines.  Mutations in the C-terminal domain of Notch that prevent NICD 

degradation, are often found together with mutations in Fbw7 (human homolog of SEL-10) in T-

cell acute lymphoblastic leukemia (T-ALL), suggesting that increased levels of NICD contribute 

to this cancer (O'Neil et al., 2007; Thompson et al., 2007).  In T-ALL cell lines, the intracellular 

domain of Notch homolog Notch3 (NICD3) activates the micro RNA mir-233, which represses 

Fbw7 levels (Borggrefe et al., 2016; Kumar et al., 2014).  Therefore, via the regulation of mir-

233, Notch ensures that its intracellular cleaved product has a longer half-life in tumorous cells.  

Prolyl isomerase 1 (Pin1) is a direct transcriptional target of Notch1 which was shown to 

positively reinforce Notch signaling in breast cancer cells by enhancing the γ-secretase mediated 

cleavage of Notch1 (Rustighi et al., 2009).  Pin1 directly binds to phosphorylated Notch1 at 

conserved serine/threonine rich (STR) region to possibly bring about a conformational change in 

the Notch1 receptor so that γ-secretase can efficiently cleave it and release NICD1 (Rustighi et 

al., 2009).  Pin1 proteins are cis/trans isomerase enzymes that carry out the catalytic conversion 

of specific phosphorylated serine/threonine-proline (STP) motifs and induces conformational 

changes that are sometimes required for full activity of certain proteins and is involved in cross-

talk of a number of oncogenic signaling pathways in breast cancer and other cancers (Liou et al., 

2011; Wulf et al., 2005).  Using a mouse model, Pin1 was later shown to be a regulator of stem 

cell feature of both normal stem cells and cancer stem cells (CSCs) in the mammary gland 

(Rustighi et al., 2014).  Besides assisting γ-secretase to cleave NICD1 (Rustighi et al., 2009), 

Rustighi et. al have also shown that following isomerization by Pin1, Notch1 (and possibly 

Notch4) gets de-phosphorylated by PP2A phosphatase thereby escaping Fbwx7α (Fbw7) 
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dependent ubiquitination and degradation (Rustighi et al., 2014).  Therefore by negatively 

regulating the Notch inhibitor Fbw7, Pin1 ensures CSC self-renewal and replicative potential 

(Rustighi et al., 2014).  Notch regulates a multitude of target genes during development, and in 

certain cancerous cell lines, a few Notch target genes are able to fuel a feed-forward cycle that 

ensures Notch can continue to signal (Borggrefe et al., 2016; Rustighi et al., 2009; Rustighi et al., 

2014).  In this light, further work is important to determine whether human CRL2LRR1-mediated 

regulation of Notch signaling that we show in C. elegans vulva development, is conserved in 

humans.  Human CRL2LRR1 could similarly be involved in a feed-forward mechanism in 

regulating Notch signaling in certain cancerous or non-cancerous cells.   

Notch signaling has been shown to play opposite roles as either an oncogenic influence or 

as a tumor suppressor depending on the cancer type (Miele and Osborne, 1999).  Notch signaling 

pathway components, including receptors and its ligands, are overexpressed in a variety of 

cancers such as cervical, colon, lung, prostrate, renal carcinoma, pancreas, and large cell 

lymphomas; whereas the role of Notch as a tumor suppressor is seen in fewer instances such as 

in hepatocellular carcinoma and small cell lung cancer (Wang et al., 2010).  Identification of 

components or regulators of Notch signaling under these vastly different contexts is of utmost 

importance for the development of targeted therapeutics and drugs.  

 

Bacterial folates stimulate and Dafachronic acid inhibits germ stem cell proliferation  

In Chapter 3, we describe a novel method to obtain and maintain C. elegans germ stem cells in 

culture.  The optimized media, CeM1, can maintain live C. elegans germ stem cells for a period 

of over one month.  C. elegans embryonic cells have been isolated and maintained in culture, but 

with poor survival (Christensen et al., 2002; Strange et al., 2007).  This is the first known system 
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that has been able to propagate isolated C. elegans germ cell cultures, and using this system as a 

tool we have discovered novel factors that affect the proliferation of these stem cells.  We 

identified specific folates from the bacteria that C. elegans eat, 10-formyl-THF-Glun and 5,10-

methenyl-THF-Glun, as signals that affect germ stem cell proliferation.  Other folate species,  

folic acid, THF, 5-formyl-THF, and 5-methyl-THF, did not have any germ cell stimulatory 

ability.  The two stimulatory folate species show increasing germ cell proliferation with larger 

numbers of poly-Glu.  Significantly, the stimulatory folates activate germ stem cell proliferation 

independent of the one-carbon metabolism cycle.  The stimulatory folate 5,10-methenyl-THF-

Glu1 is able to rescue the one-carbon metabolism deficiency of the folt-1RFC mutants less 

effectively than the non-stimulatory folate S-5-formyl-THF-Glu1.  Further, the bacterial folate 

precursor dihydropteroate can also stimulate germ cell proliferation in C. elegans.  This result is 

particularly notable, because C. elegans, like other animals, does not have the enzyme required 

to convert pteroates to folates (dihydrofolate synthase), and therefore dihydropteroate cannot 

participate in one-carbon metabolism.  As expected, dihydropteroate fails to rescue folt-1/RFC 

deficiency. 

We have demonstrated that the stimulatory folates as well as dihydropteroate require the 

human folate receptor (FR) homolog FOLR-1 to stimulate germ cell proliferation.  Our work 

implicates bacterial folates as ligands that signal germ stem cell proliferation via the FR homolog.  

Future work is required to determine whether these stimulatory folates as well as dihydropteroate 

bind FOLR-1 and if so with what affinity.  Although FRs are not widely expressed in human 

tissues, FRα, β, and γ are overexpressed in a variety of cancerous tissues such as those in the 

ovary, uterus, kidney, pancreas, leukemic blasts in chronic myelogenous leukemia (CML), and 

acute myelogenous leukemia (Antony, 1996; Kelemen, 2006; Ledermann et al., 2015; Parker et 
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al., 2005).  In most cell studied, FRα is not the major carrier of folates.  In ovarian cancer cells, 

FRα contributes to only 20% uptake of folates, whereas the major carrier RFC brings in about 

70% of folates into the cell (Corona et al., 1998).  Yet, RFC activity is not linked to cancer.  In 

fact, overexpressing RFCs in ovarian cancer cells leads to reduction in proliferation, migration 

and invasiveness of the cancer (Siu et al., 2012).   

Studies in human cells implicate FRs in signaling independent of one-carbon metabolism.  

Antibodies that bind to cell surface receptors can activate signaling independently of ligand 

binding.  Anti-FR antibodies significantly increase cell proliferation in erythropoiesis, without 

being able to increase the intracellular folate levels (Antony et al., 1987).  In ovarian carcinoma 

cell lines, incubation with an anti-FRα antibody increases the physical association of FRα with 

the non-receptor tyrosine kinase Lyn (Miotti et al., 2000).  Downstream signaling pathways such 

as non-receptor tyrosine kinase c-src and ERK as well as phospho-STAT are activated via FRα 

in endothelial cells, colon cancers cells and neural stem cells (Kuo et al., 2015; Lin et al., 2012; 

Zhang et al., 2009).  Overexpression of FRα was also shown to increase Notch3 expression and 

activity in a mouse gonadotroph cell line (Yao et al., 2009).  It will be of significant interest to 

determine if the germ cell stimulatory folates 10-formyl-THF-Glun and dihydropteroate can 

activate downstream signaling molecules such as ERK, STAT as well as non-receptor tyrosine 

kinases in C. elegans, and characterize the mechanism by which folates are able to stimulate 

activation of these signaling pathways.   

We also identified the steroid hormone dafachronic acid (DA) as a negative regulator of 

germ stem cell proliferation (Chapter 4).  We show that the Δ4-DA and Δ7-DA inhibit germ cell 

proliferation of isolated germ cells in vitro, as well as tumor formation and the number of mitotic 

germ cells in intact wild-type animals.  We demonstrate that DA requires the nuclear hormone 
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receptor DAF-12 to negatively regulate germ cells.  RNAi elimination of the DA synthesis 

enzyme DAF-9 leads to increased tumor production in a temperature sensitive germline tumor 

mutant, as well as increased mitotic cell numbers in wild-type animals.  This suggests that DA 

acts normally in both tumorous mutants and wild-type animals to inhibit germ cell proliferation.   

Dietary restriction (DR) has been shown to increase daf-9 mRNA levels as well as 

accumulation of DAs in C. elegans, which leads to a reduction in the number of proliferative 

germ cell in wild-type gonads (Thondamal et al., 2014).  A non-canonical nuclear hormone 

receptor NHR-8 was shown to be required for mediating DR-induced reduction in germ cell 

numbers (Thondamal et al., 2014).  However, the involvement DAF-12 in DR-mediated germ 

cell number reduction was not tested.  While DA is known to bind to DAF-12 (Motola et al., 

2006), there is no evidence that DA is able to bind to NHR-8.  DAs bind to DAF-12 similar to 

how bile acids bind to the mammalian DAF-12 homolog FXR (Zhi et al., 2012).  Although it is 

known that C. elegans DA binds to DAF-12 (Motola et al., 2006), we do not know the exact 

mechanism by which DA inhibits germ cell proliferation.  Being a nuclear hormone receptor, 

DAF-12 has both ligand binding and DNA binding domains, and DA can bind to DAF-12 and 

regulate its transcriptional targets (Antebi, 2006).  Identification of the mRNAs upregulated or 

downregulated in a DAF-12-dependent manner in germ cells upon DA binding will provide 

insights into the mechanisms by which DA regulates germ cell development.    
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