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The germ line of sexually reproducing animals, at some point in

development, consists of both proliferating and diVerentiating cells.

Proliferation is needed to increase cell number, ensuring that a suYcient
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quantity of gametes is produced. Meiotic development is needed to produce

gametes that can support embryogenesis, each with half the ploidy of the

somatic cells. For the reproductive strategy of a given species, regulating the

timing and number of gametes, and thus controlling the timing of diVer-
entiation and the extent of proliferation, is very important for reproductive

fitness. Therefore, animals have evolved regulatory mechanisms that tightly

control and balance the proliferation–initiation of meiotic development

(meiotic entry) decision. Genetic analysis has identified signaling mechan-

isms involved in controlling this balance in some animals, including mice,

Drosophila, and Caenorhabditis elegans. In this chapter, we present our

understanding of the genetic hierarchy controlling the proliferation–meiotic

entry decision in C. elegans. A core regulatory network controls the decision

under all known conditions (developmental stage, sex, and growth tempera-

ture). It consists of a canonical Notch signaling pathway promoting prolif-

eration by inhibiting two redundant mRNA regulatory pathways, the GLD‐1
and GLD‐2 pathways, which promote meiotic entry. Superimposed on the

core network is a complex set of factors, some yet to be identified, and many

with regulatory relationships still poorly understood, which control the

activities of the GLD‐1 andGLD‐2 pathways and possibly parallel pathways.
Some of the complexity arises from these regulators acting only under

certain conditions. We also highlight major areas where we lack knowledge.

For example, it is unknown if the entire population of proliferating cells are

stem cells capable of self‐renewal or if only a small portion are stem cells and

the rest are transit amplifying cells. � 2006, Elsevier Inc.

I. Introduction

The germ line is a specialized tissue in sexually reproducing animals that is

necessary to pass genetic material to future generations. Since the gametes of

two parents contribute genetic information to each oVspring, it is necessary
for diploid germ cells to undergo meiosis, a complex developmental program

with two specialized cell divisions, to produce haploid gametes that can unite

at fertilization to generate the zygote. Germ cells in the parents, in particular

the germ line stem cells, must first proliferate in order to increase cell number

and thus provide a pool of cells from which gametes can be formed. The

reproductive fitness of the animal depends upon a balance being maintained

between proliferation and initiation of meiotic development. How this

balance is maintained varies between species and often between sexes of

the same species. In female mammals, all germ cells exit proliferation and

initiate meiotic development in the embryo (Morelli and Cohen, 2005). The

germ cells then arrest in prophase I until sexual maturity. In mammalian

males, germ cells do not enter meiosis until after birth, but prior to puberty.
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A population of proliferative cells is maintained throughout adult life,

allowing the male to produce large numbers of gametes and remain repro-

ductive throughout adulthood (Morelli and Cohen, 2005). Human males

produce 1012–1013 gametes over their lifetime (Reijo et al., 1995). Evidence

suggests that retinoic acid (RA) promotes mammalian germ cells to enter

meiosis and that RA is degraded in embryonic testes, thereby preventing

embryonic meiosis in males (Koubova et al., 2006). In Drosophila, the

transition from proliferation to meiotic development is regulated by signals

emanating from somatic niche cells (Wong et al., 2005). Germ cells that

remain in direct contact with the cap cells (female) or the hub (males) remain

proliferative. The asymmetric sisters of these cells will go through additional

rounds of proliferation, transit amplification, but are normally destined to

enter meiosis. The distinction between the stem cells and the transit amplify-

ing cells has become less clear with the observation that some transit ampli-

fying cells can revert into stem cells in both the male and female Drosophila

germ lines (Brawley and Matunis, 2004; Kai and Spradling, 2004). In this

chapter, we present our understanding of how the decision between germ

line proliferation (self‐renewal) and initiation of meiotic development

(diVerentiation) in Caenorhabditis elegans is controlled. First is a brief back-

ground on C. elegans and the pattern of germ line proliferation and meiotic

development. We then present the core proliferation–meiotic entry regulato-

ry network. The connection between the regulatory network and the pattern

of proliferation and meiotic entry follows, with subsequent elaboration on

the network model by incorporating additional genes and control processes.

Throughout we highlight major open questions. For other reviews on the

proliferation–meiotic entry decision in C. elegans please see Crittenden et al.,

2003; Kimble and Crittenden, 2005; Seydoux and Schedl, 2001; and Wong

et al., 2005.

II. Temporal and Spatial Pattern of Proliferation and Initiation
of Meiotic Development

C. elegans exists as two sexes, hermaphrodite and male. Males generate as

many as �3000 sperm and reproduce only by mating with a hermaphrodite.

Hermaphrodites are somatically female, with the germ line producing first

sperm and then oocytes. Hermaphrodites can reproduce either using their

own sperm, by self‐fertilization, or by using male sperm when mating has

occurred. The hermaphrodite generates 320 sperm and thus only �320 self‐
progeny. However, the hermaphrodite can generate many more oocytes

throughout her reproductive lifespan of �2 weeks, and when mated can

produce as many as �1400 progeny (Kimble and Ward, 1988). Since about

half of all germ cells undergoing oogenesis die through the process of
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physiological apoptosis (Gumienny et al., 1999), more than 2800 germ cells

undergoing gametogenesis must have been generated. It appears that the

general processes regulating the decision between proliferation and meiotic

entry are similar between the male and the hermaphrodite, and most

research has focused on studying the hermaphrodite germ line. Therefore,

we will mostly discuss the hermaphrodite germ line.

The adult hermaphrodite has two symmetric U‐shaped gonad arms, each

containing�1000 germ cells (Fig. 1A). In each gonad arm the germ line has a

distal to proximal polarity, with a population of proliferative cells at the distal

end followed by entry into meiotic prophase, progression through meiotic

prophase, and gametogenesis as germ cells move proximally (Fig. 1B). The

adult pattern is formed postembryonically through cell division, and diVer-
entiation in the germ line and somatic gonad. In the hatched L1 larva, there

are two germ cells (Z2, Z3) and two somatic cells (Z1, Z4) surrounded by a

basement membrane. Z1 and Z4 divide by an essentially invariant cell lineage

pattern to generate the somatic gonad while Z2, Z3, and all germ cell daugh-

ters divide by a random pattern (Kimble and Hirsh, 1979). If the animal has

suYcient food, Z2 and Z3 begin to proliferate in the L1 stage. Z1 and Z4 also

divide, generating 12 somatic gonad cells by the end of the L1 stage, including

two distal tip cells (DTCs) that promote germ cell proliferation (see later). By

the end of the L2 stage in the hermaphrodite, the remaining ten somatic

gonad cells rearrange to form the centrally located somatic gonad primordi-

um, bisecting the proliferating germ cells into two populations, one anterior,

capped by the anterior DTC, and other posterior, capped by the posterior

DTC. In the L3 and L4 stages, the respective DTCs lead the two growing

gonad arms to form the anterior and posterior U‐shaped gonad arms, cen-

tered around the proximal somatic gonadal uterine and spermathecal struc-

tures generated from the somatic gonad primordium. During this time period

the somatic gonadal sheath lineage forms a single cell layer covering the

proximal 3/4 of each gonad arm, positioned between the germ cells and

the surrounding basement membrane (Hall et al., 1999).

Polarization of the germ line into a proliferative population near the DTC

and initiation of meiotic development more proximally begins in early L3

and continues throughout the reproductive life (Hansen et al., 2004a;

Kimble and White, 1981). The size of the region containing the proliferative

cells, the proliferative or mitotic zone, increases as the hermaphrodite ages

and as the gonad arm lengthens. In early L3, the proliferative zone is �12

cell diameters long, but increases in size to �20 cell diameters long in the

adult (Fig. 2A) (Crittenden et al., 1994; Hansen et al., 2004a; Lamont et al.,

2004). Proliferation is nevertheless very rapid as the germ cell number in-

creases�20‐fold from early L3 to adulthood. Robust proliferation continues

in adulthood, during which the proliferative zone contains �200–250 cells,

and then declines as self‐sperm is exhausted (Killian and Hubbard, 2005;
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Figure 1 Basic anatomy of the C. elegans hermaphrodite germ line. (A) Diagram of an adult

C. elegans hermaphrodite emphasizing the position and polarity of the germ line. The gonad

consists of anterior and posterior U‐shaped arms, centered around the proximal uterus

(containing light‐green shaded embryos). At the distal end of each gonad arm, capped by the

distal tip cell (DTC; yellow), is a population of proliferating germ cells (green proliferative

nuclei). As cells move proximally, toward the uterus, they enter meiotic prophase in the

transition zone (red meiotic prophase nuclei). Cells continue proximally as they progress

through meiotic prophase, eventually forming gametes. The first �40 germ cells in each gonad

arm that enter meiosis in larvae form sperm (blue, which are stored in the spermatheca) while all

remaining germ cells that enter meiosis form oocytes (orange). Ovulated oocytes are fertilized as

they pass through the spermatheca and embryos begin their cell divisions while in the uterus,

and then are passed to the environment through the vulva. (B) Fluorescent image of one young

adult hermaphrodite gonad arm that has been dissected away from the body of the animal

(distal to the left). Surface view distally, interior view proximally. The top and bottom image are

of the same arm. Top image (blue) shows DNA morphology from DAPI staining. Bottom

image shows the proliferative cell nuclei (green) detected with antibodies specific to REC‐
8 while meiotic prophase nuclei (red) are detected with HIM‐3 antibodies (see text for details).

Most of the germ line is syncytial, with each nucleus partially enclosed by plasma membranes

(Hall et al., 1999; Hirsh et al., 1976). By convention, the term ‘‘germ cell’’ refers to a nucleus, its

associated cytoplasm, and surrounding membrane. For more comprehensive reviews of

C. elegans germ line development please see Hubbard and Greenstein (2000, 2005) and Schedl

(1997).
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Figure 2 The core regulatory network controlling the proliferation–meiotic entry decision.

(A) Magnified view of the distal end of the dissected gonad arm fluorescent micrograph in

Fig. 1. Surface view. The top image shows DNA morphology using DAPI staining (blue). The

bottom image is the same gonad arm with proliferative cell nuclei identified as staining with

antibodies against REC‐8 (green) and meiotic prophase nuclei staining with antibodies against

HIM‐3 (red). The proliferative zone is the region from the very distal end up to, but

not including, the most distal cell with crescent‐shaped morphology (transition zone nucleus).

The transition zone is the region from the most distal crescent‐shaped cell to the most

proximal crescent‐shaped cell. The meiotic entry region is the portion of the germ line that

contains both proliferative (REC‐8–positive, HIM‐3–negative) and meiotic (REC‐8–negative,
HIM‐3–positive) cells in the same plane (Hansen et al., 2004a). The transition from

proliferation to meiotic development is not synchronous, as some proliferative cells (green

nuclei) are more proximal than some cells that have initiated meiotic development (red nuclei)

(Hansen et al., 2004a). (B) Panels showing the two alternate states of the core regulatory

network controlling the proliferation–meiotic entry decision. The top panels shows the relative

activity of the network near the DTC, where cells are proliferative, while the bottom panel

shows the relative activity of the network near the transition zone, where cells enter meiotic
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Lamont et al., 2004). The first �40 germ cells that initiate meiotic develop-

ment in each gonad arm develop as sperm and all subsequent germ cells that

enter meiosis develop as oocytes. Following meiotic entry, germ cells orderly

progress through the stages of meiotic prophase and gametogenesis in an

assembly‐line‐like fashion (Fig. 1B).

The switch from proliferation to initiation of meiotic development is

assessed primarily by cytological examination of nuclear morphology. A

convenient approach is 40,6‐diamidino‐2‐phenylindole (DAPI) staining to

visualize chromosome morphology and organization. In the proliferative

region, cells in mitosis (metaphase, anaphase, and telophase) display the

expected DAPI morphology (Fig. 2A). Just proximal to the proliferative

region is the transition zone where cells are in the earliest stages of meiotic

prophase (leptotene/zygotene). These cells display an asymmetric organiza-

tion of the nucleolus and chromatin, associated with pairing and synapsis,

leading to a crescent‐shaped DAPI‐stained nuclear morphology (Fig. 2A)

(Dernburg et al., 1998; Francis et al., 1995a; MacQueen and Villeneuve,

2001). Antibody staining has been used to confirm and refine these regions.

Particularly useful has been antibody staining to REC‐8, a meiotic cohesion

that under mild fixation conditions is detected in the nucleoplasm and

chromatin of all proliferating germ cells (Hansen et al., 2004a; Pasierbek

et al., 2001), and antibody staining to HIM‐3, a meiotic chromosome axes

protein that is found in all meiotic prophase nuclei (Fig. 2A) (Zetka et al.,

1999). REC‐8 staining and HIM‐3 staining are almost completely mutually

exclusive. Cell nuclei that are REC‐8–positive are HIM‐3–negative and vice

versa. There are, however, a small number of weakly REC‐8–positive cell

nuclei per gonad arm that are also weakly positive for HIM‐3. These cells are
perhaps in the very early stages of meiotic prophase. It still is not completely

clear how accurately these markers show commitment to entering meiotic

prophase. It is likely that this commitment is made around the time of

premeiotic S‐phase, which perhaps is prior to HIM‐3 loading on to the

chromosomal axes. However, the REC‐8 and HIM‐3 markers have empha-

sized the asynchronous nature of the transition from proliferation to entry

prophase. Factors with high activity are shown in large font, while factors with little or no

activity are shown in small font. Arrows depict activating or positive interaction between

factors while barred lines depict an inhibitory relationship. Dashed lines indicate interactions

that are no longer active. For cells near the DTC (top panel), GLP‐1 Notch signaling is active

due to interaction of the LAG‐2 ligand with the GLP‐1 receptor (see text and Fig. 3). Active

GLP‐1 Notch signaling promotes proliferation by inhibiting the GLD‐1 and GLD‐2 pathways

that promote meiotic entry. For cells near the transition zone (bottom panel), GLP‐1 Notch

signaling is reduced or eliminated. In the absence of repression mediated by GLP‐1 Notch

signaling, the GLD‐1 and GLD‐2 pathways promote the activities of factors involved in entry

into meiotic prophase and inhibit the activities of factors necessary for proliferation. See text for

details.
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into meiotic prophase in the adult hermaphrodite. All cells do not enter

meiosis at the same position in the gonad arm. Rather, in the adult a region

of approximately seven cell diameters, referred to as the meiotic entry

region, consists of a mixture of cells, some of which are proliferative

(REC‐8–positive and HIM‐3–negative) and others that are in early meiotic

prophase (REC‐8–negative and HIM‐3–positive) (Hansen et al., 2004a)

(Figs. 1 and 2). Therefore, there does not appear to be a strict boundary

separating proliferative and meiotic cells. Rather, the boundary is relatively

ragged. This diVers from the situation in larval animals where the transition is

very abrupt (Hansen et al., 2004a). This diVerence is possibly due to the

relatively low number of cells in the larval germ line as compared to the adult.

III. Summary of the Core Regulatory Pathway Controlling the
Proliferation–Meiotic Development Decision

A. GLP‐1 Notch Signaling

The first insight into the control of the proliferation–meiotic development

decision came from a pivotal experiment by Kimble and White (1981), where

they sought to determine the consequences to germ line development of

ablating the DTC with a laser microbeam. They found that the proliferative

population was lost with all germ cells prematurely initiating (and com-

pleting) meiotic development. Thus the DTC must signal the germ line

to promote proliferation and/or inhibit meiotic development. They also

demonstrated that mispositioning the DTC created a new polarized germ

line organization with proliferation adjacent to the ectopic DTC followed at

a distance by meiotic entry. Together these experiments demonstrated that

the DTC is necessary and suYcient to create a niche for the proliferative cells

and polarizing germ line development. These findings lead to the idea that

genes and cells that function in the proliferation–meiotic development deci-

sion could be identified experimentally from mutations or cell ablations that

caused either a premature meiotic entry phenotype, like with the DTC

ablation, or an overproliferation (tumorous) phenotype due to a failure of

germ cells to enter meiotic prophase.

Genetic and molecular analysis has revealed that the conserved Notch

signaling pathway is the principal molecular mechanism by which the DTC

niche controls proliferation (Fig. 2B). The four members of the canonical

Notch signaling pathway are the DSL ligand (acronym for Delta‐Serrate‐
LAG‐2), Notch receptor, CSL transcription factor (CBF‐1/RBPJ�‐Su(H)‐
LAG‐1), and the MAML transcriptional coactivator (Mastermind‐LAG‐3)
(Lubman et al., 2004). In the C. elegans gonad the conserved transmembrane
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LAG‐2 DSL ligand is expressed in the DTC (Fig. 3) (Henderson et al., 1994;

Tax et al., 1994). As the DTC comes in contact with germ cells, LAG‐2
interacts with the germ line‐expressed GLP‐1 Notch transmembrane recep-

tor (Austin and Kimble, 1987, 1989; Yochem and Greenwald, 1989). This

interaction is thought to result in cleavage of the intracellular portion of

GLP‐1 from the transmembrane portion of the protein (Mumm and Kopan,

2000). The intracellular portion of GLP‐1, referred to as Notch intracellular

domain (NICD) or GLP‐1(INTRA), then is thought to translocate to the

nucleus and bind the LAG‐1 CSL transcription factor (Fig. 3) (Christensen

et al., 1996). CSL transcription factors have been shown in other systems to

be transcriptional repressors, but on binding with INTRA, they become

transcriptional activators (Mumm and Kopan, 2000). The same is likely to

occur with LAG‐1. GLP‐1(INTRA) and LAG‐1 form a ternary complex

Figure 3 GLP‐1 Notch signaling in the distal gonad. On the right is a diagram of the

proliferative zone and part of the transition zone of an adult hermaphrodite; surface view. The

somatic DTC (yellow) caps the germ cells in the very distal end of the gonad and has projections

that extend more proximally. Some of the proliferative germ cells (nuclei shown in dark green)

are in direct contact with the DTC while others are not. As cells move proximally, they enter

meiotic prophase and their DNA takes on a crescent‐shaped morphology (red). On the left is a

blow‐up of contact between the DTC and adjacent germ cells. Also shown are depictions of the

relative positions of the canonical GLP‐1 Notch pathway components during active signaling.

LAG‐2, the DSL ligand, is expressed on the surface of the DTC. It comes in direct contact with

the GLP‐1 Notch receptor, which is expressed on the surface of the germ cells. This causes

cleavage of the receptor and subsequent translocation of the intracellular portion, GLP‐1
(INTRA), to the nucleus. GLP‐1(INTRA) forms a ternary complex with the LAG‐1 CSL

transcription factor and the SEL‐8/LAG‐3 MAML transcriptional coactivator. This complex

then activates genes necessary for proliferation. For cells approaching the transition zone,

GLP‐1(INTRA) will be reduced or absent, the ternary complex will not be assembled, GLP‐1
Notch target genes will not be transcribed, and cells will enter meiotic prophase. See text for

details.
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with SEL‐8/LAG‐3 MAML, then as a complex activates transcription of

downstream target genes (Doyle et al., 2000; Nam et al., 2006; Petcherski and

Kimble, 2000; Wilson and Kovall, 2006). If the activities of any of these

canonical Notch pathway components are reduced or eliminated in the

C. elegans germ line, germ cells cease proliferating and prematurely enter

meiosis; similar to the phenotype observed when the DTC is ablated (Austin

and Kimble, 1987; Christensen et al., 1996; Doyle et al., 2000; Henderson

et al., 1994; Lambie and Kimble, 1991; Petcherski and Kimble, 2000; Tax

et al., 1994). Constitutively active glp‐1 gain‐of‐function (gf) alleles have been

identified that, based on worm genetic and mammalian cell culture experi-

ments, result in ligand independent generation of GLP‐1(INTRA) (Berry

et al., 1997; Pepper et al., 2003; Vooijs et al., 2004). In glp‐1(gf) mutants,

germ cells fail to enter meiosis, but instead continue to proliferate and form a

germ line tumor, which is opposite to the premature meiotic entry phenotype

caused by a loss of GLP‐1 Notch signaling. Thus, the GLP‐1 Notch signaling

pathway acts as a binary switch; when it is active proliferation results, when it

is inactive cells enter meiosis (Fig. 2). Cells close to the DTC have active

GLP‐1 Notch signaling, thus are proliferative. As the cells move proximally

away from the DTC, the LAG‐2 ligand and GLP‐1 receptor are no longer in

contact, resulting in a lack of GLP‐1(INTRA) and the resulting loss of the

GLP‐1(INTRA), LAG‐1, and SEL‐8/LAG‐3 ternary transcriptional activa-

tion complex. Therefore, genes involved in promoting proliferation and/or

inhibiting meiotic entry are no longer active, allowing cells to enter meiotic

prophase as they move into the transition zone.

B. GLD‐1 and GLD‐2 Meiotic Entry Pathways

Two redundant mRNA regulatory pathways, GLD‐1 and GLD‐2, named

after their founding members, function downstream of GLP‐1 Notch signal-

ing to promote meiotic development (Kadyk and Kimble, 1998) (Fig. 2B).

GLD‐1 is a maxi‐KH/STAR domain containing RNA‐binding protein simi-

lar to mouse Quaking and Drosophila held out wings (How) (Jones and

Schedl, 1995). Also within the GLD‐1 pathway is NOS‐3, which is a protein

similar to Drosophila Nanos (Hansen et al., 2004b; Kraemer et al., 1999).

GLD‐2 is a poly(A) polymerase catalytic subunit that complexes with GLD‐
3, a BicC‐related KH domain containing RNA‐binding protein, which per-

haps provides the mRNA specificity for the catalytic domain (Eckmann

et al., 2004; Wang et al., 2002). The GLD‐1 and GLD‐2 pathways function

redundantly in promoting meiotic entry; each is suYcient for meiotic entry

to occur. If the activity of a gene (or genes) in one pathway is eliminated,

proliferation and meiotic entry occur essentially normally (Eckmann et al.,

2004; Francis et al., 1995b; Hansen et al., 2004b; Kadyk and Kimble, 1998).
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However, if the activity of at least one gene in each pathway is eliminated, a

synthetic tumorous germ line phenotype is observed (Eckmann et al., 2004;

Hansen et al., 2004b; Kadyk and Kimble, 1998). This tumor is the result of a

failure of germ cells to initiate meiotic development at the appropriate time/

place and is similar to the germ line tumor formed in animals carrying a

strong glp‐1 gain‐of‐function allele (Eckmann et al., 2004; Francis et al.,

1995b; Hansen et al., 2004a,b; Kadyk and Kimble, 1998). The regulatory

relationship between GLP‐1 signaling and the GLD‐1 and GLD‐2 pathways

was determined from genetic epistasis experiments; the gld‐1 gld‐2 double

null meiotic entry failure is epistatic to the premature meiotic entry defect

of glp‐1 null as the triple mutant has a tumorous germ line (Kadyk and

Kimble, 1998). Thus GLP‐1 Notch signaling promotes germ line prolifera-

tion by inhibiting the meiosis‐promoting activities of the GLD‐1 and GLD‐2
pathways (Fig. 2).

GLD‐1 and GLD‐2 pathway genes have additional, nonoverlapping,

functions in germ line development. GLD‐1 promotes the male sexual fate

in the hermaphrodite germ line and is required for meiotic prophase pro-

gression (Francis et al., 1995a,b). gld‐1 null single mutants have a tumorous

germ line; however, this overproliferation is not due to a meiotic entry

failure but rather is the result of pachytene germ cells returning to a mitotic

cell cycle. NOS‐3 functions to promote the female germ line sexual fate,

opposite to the sex‐determining function of GLD‐1, but does not have an

essential function in meiotic prophase progression (Kraemer et al., 1999).

GLD‐2 is necessary for meiotic progression/gametogenesis in both hermaph-

rodites and males (a diplotene‐like arrest occurs in a gld‐2 null mutant)

but has no essential function in germ line sex determination (Kadyk and

Kimble, 1998). GLD‐3 promotes the male sexual fate in the germ line and

also plays a role in oogenesis (Eckmann et al., 2002). In meiotic prophase

progression, GLD‐2 and GLD‐3 function redundantly rather than interde-

pendently as they do in regulating meiotic entry (Eckmann et al., 2002).

Thus the meiotic entry mRNA regulators must have additional targets on

which they uniquely act.

How might the GLD‐1 and GLD‐2 mRNA regulatory pathways function

redundantly to promote initiation of meiotic development? For all GLD‐1
target RNAs studied thus far, which are primarily involved in GLD‐1’s roles
in sex determination and meiotic prophase progression during oogenesis,

GLD‐1 functions as a translational repressor (Jan et al., 1999; Lakiza et al.,

2005; Lee and Schedl, 2001, 2004; Marin and Evans, 2003; Xu et al., 2001).

Thus GLD‐1 likely promotes meiotic entry by translational repression of

proliferation‐promoting genes. The GLD‐2/GLD‐3 complex likely promotes

gene activity; lengthening poly(A) tails both stabilizes and promotes the

translation of mRNAs (Wang et al., 2002). Thus, the GLD‐2/GLD‐3 multi-

subunit poly(A) polymerase likely promotes meiotic entry by increasing the
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amount of meiotic entry gene products through increased translation—

either directly or indirectly. However, the model of GLD‐1 repressing

proliferation‐promoting genes and GLD‐2/GLD‐3 activating meiotic entry

gene products cannot be as simple as stated. If so, then one would not expect

the essentially normal pattern of proliferation–meiotic entry observed in the

gld‐1, gld‐2, or gld‐3 null single mutants. One possibility is that GLD‐1 and

GLD‐2/GLD‐3 do not have unitary molecular functions. Alternatively,

there may be additional pathways that act in parallel to the GLD‐1 and

GLD‐2 pathways (see later). An important unanswered question is what are

the mRNA targets of both GLD‐1 and GLD‐2/GLD‐3 related to their

activities in regulating the proliferation–meiotic entry decision?

IV. Control of the Adult Pattern of Proliferation and
Meiotic Entry

A. Stem Cells Versus Transit Amplifying Cells

The adult proliferative zone contains �200–250 germ cells (Killian and

Hubbard, 2005; Lamont et al., 2004). It is unknown if the entire population

of proliferative cells is homogeneous or if there are diVerent cell types within
the population. One possibility (Fig. 4, model 1) is that all of the proliferative

cells are stem cells, in that they all are capable of dividing to give both self‐
renewing and diVerentiating daughter cells. Another possibility (Fig. 4,

model 2) is that only the distal‐most cells in the proliferative zone are stem

cells and more proximal cells have ‘‘committed’’ to diVerentiate but undergo
one or more proliferative cycles before they enter meiotic prophase (transit

amplifying cells). The second model of stem cells followed by transit ampli-

fying cells would be similar to what is observed in other systems, such as in

the testes of male mammals and in both the male and the female Drosophila

germ lines (McLean, 2005; Yamashita et al., 2005). In mammalian males,

there are relatively few spermatogonial stem cells in the population of pro-

liferating germ cells. DiVerentiating proliferative cells divide through sper-

matocytogenesis to amplify the number of cells that go on to enter meiotic

prophase and diVerentiate as sperm (McLean, 2005). This amplification step

is needed in order to produce the large number of sperm that are necessary

for reproductive fitness. In Drosophila males, only approximately nine stem

cells exist at the apical tip of the testis (Wong et al., 2005). As these cells

divide asymmetrically, one daughter cell maintains its stem cell character

(self‐renews), and the other daughter cell, the gonialblast, initiates diVeren-
tiation. As a stereotypic part of the diVerentiation program, the gonialblast

undergoes four rounds of mitotic divisions before overt diVerentiation.
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Therefore, the majority of proliferating cells in the Drosophila testis are not

stem cells but rather transit amplifying cells. The stem cells can be identified

in this population based on their proximity to certain somatic cells and the

availability of markers (Wong et al., 2005).

In C. elegans, unlikeDrosophila, there are currently no obvious cytological

diVerences between cells in the proliferative region for both the hermaphro-

dite and male germ lines. Therefore, it is unknown if these cells are equiva-

lent, or if only a small number are actual stem cells. A key experiment to

distinguish between these two models would be to isolate cells from diVerent
regions of the proliferative zone and test their ability to repopulate a gonad

arm that has been depleted of germ cells. To date, no repopulation assays

have been performed with the C. elegans germ line. Repopulation assays are

technically challenging because the proliferative cells of the germ line are not

completely cellularized (Hall et al., 1999; Hirsh et al., 1976) (Fig. 1 legend).

Therefore, individual cells, or even small groups of cells, cannot be isolated

and transplanted to a diVerent gonad.
Experiments, however, suggest that the cycling behavior of cells in the

proliferative zone is nonhomogeneous. Cells within the first two to three cell

diameters from the DTC have a lower rate of cell division than cells further

away from the distal end. Cells approximately six to seven cell diameters

from the DTC have the highest frequency of cell division (Maciejowski et al.,

2006). In some stem cell systems, the niche‐associated stem cells cycle more

slowly than transit amplifying cells (Cotsarelis et al., 1990). Thus, the adult

C. elegans germ line may be analogous to other systems in which the stem

cells cycle more slowly; the DTC niche‐associated cells within the first two to

three cell diameters from the distal end being the stem cells and the other

proliferative cells being transit amplifying (also see later).

B. Spatial Control of Notch Signaling

An understanding of the spatial control of the proliferative zone is hindered

by our lack of knowledge regarding precisely what cells have active GLP‐1
Notch signaling. On binding of LAG‐2 to the GLP‐1 receptor, GLP‐1
(INTRA) is generated; it translocates to the nucleus and forms a ternary

complex with the LAG‐1 transcription factor and the SEL‐8/LAG‐3 coacti-

vator. This leads to transcription of downstream genes. However, in which

nuclei along the distal–proximal axis of the proliferative zone the ternary

complex is present and active is unknown. The Notch intracellular domain

has been diYcult to detect cytologically in any system, in part due to its low

abundance and due to masking of the antigen (Cheng et al., 2003; Mumm

and Kopan, 2000). GLP‐1 in its receptor form has been detected on the

surface of the germ cells in C. elegans, and is expressed at its highest level in
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Figure 4 Models relating two possible spatial patterns of GLP‐1 Notch signaling with two

possible behaviors of cells within the proliferative zone. Included in each model is a diagram of

the distal end of an adult hermaphrodite gonad arm; surface view. The diagram illustrates the

relative positions of the DTC (yellow), stem cells (green), transit amplifying cells (blue), and

cells that have just entered meiotic prophase (red). Below each diagram is a graph showing the

known abundance of the GLP‐1 receptor on the surface of the germ cells (black) (Crittenden
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the first �20 cell diameters of the distal end and at a lower level more

proximally (Crittenden et al., 1994) (Fig. 4). This does not, however, mean

that GLP‐1 Notch signaling is active over this entire region. In gld‐1 null

mutant animals meiotic entry is relatively normal even though the GLP‐1
receptor is expressed at the surface of cells throughout the germ line

(Crittenden et al., 1994; Marin and Evans, 2003). Normally, glp‐1 transla-

tion is inhibited outside of the proliferative zone by GLD‐1 through a

negative feedback loop (Marin and Evans, 2003). Since meiotic entry is

essentially normal in gld‐1 null mutants with high GLP‐1 receptor levels

throughout the gonad, this demonstrates that surface expression of GLP‐1
does not necessarily correlate with the presence of active GLP‐1(INTRA)–

LAG‐1–SEL‐8/LAG‐3 ternary complexes within the cell. The spatial distri-

bution of GLP‐1(INTRA)–LAG‐1–SEL‐8/LAG‐3 ternary complexes can be

incorporated into the two models for control of the proliferative zone

(Fig. 4). In model 1, the active GLP‐1 Notch signaling ternary complex is

found throughout the proliferative zone, with higher levels at the distal end

and lower levels near the transition zone. The continuing presence of the

ternary complex would lead to GLP‐1 Notch signaling‐dependent prolifera-
tion throughout the zone. At some point a threshold would be crossed where

low GLP‐1 Notch signaling and high GLD‐1 and GLD‐2 pathway activity

would lead to meiotic entry. In this model, the proliferative zone would

primarily contain self‐renewing stem cells. In model 2, the active GLP‐1
Notch signaling ternary complex is found only in the distal‐most cells. In this

case, stem cells only exist close to the DTC where GLP‐1 Notch signaling is

active. The remaining proliferative cells undergo transit amplification via a

mechanism that is not directly promoted by GLP‐1 Notch signaling. The

switch from transit amplification to meiotic entry would depend on when a

threshold activity of the GLD‐1 and GLD‐2 pathways, which were initially

repressed by GLP‐1 Notch signaling, is finally achieved.

The size and shape of theDTC presumably influences what cells have active

GLP‐1 Notch signaling since the LAG‐2 ligand is bound to the DTC mem-

brane. The DTC caps the very distal end of the gonad and has tentacle‐like

et al., 1994) and GLD‐1 protein (red) (Hansen et al., 2004b; Jones et al., 1996) and two possible

spatial patterns of the GLP‐1(INTRA)–LAG‐1–SEL‐8/LAG‐3 ternary complex (green), which

depicts active GLP‐1 Notch signaling. In the first model, all of the proliferative cells are a ‘‘stem

cell population’’ capable of self‐renewal. GLP‐1 Notch signaling is active throughout the

proliferative zone, progressing from high to low as cells move proximally. This pattern of

activity may be the inverse of GLD‐1 accumulation, since GLP‐1 Notch signaling inhibits

GLD‐1 accumulation. In the second model, GLP‐1 Notch signaling is only active in the cells at

the very distal end of the gonad, where LAG‐2 ligand is present. Only the distal‐most cells with

active GLP‐1 Notch signaling are stem cells while the more proximal cycling cells are transit

amplifying cells that are not capable of indefinite self‐renewal. These models are extreme cases;

the true situation may be somewhere in between. See text for details.
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projections that extend, on average, approximately eight cell diameters from

the distal end (Hall et al., 1999). Each cell only has a few of these projections

and they are quite thin; thus, only a minority of cells in the proliferative

zone, even relatively close to the DTC, actually come in contact with LAG‐2
ligand. Therefore, only cells near the distal end are likely to have GLP‐1
(INTRA) entering the nucleus, which would appear to be consistent with

model 2. However, it is unknown how rapidly the GLP‐1(INTRA)–LAG‐1–
SEL‐8/LAG‐3 ternary complexes decay; it may be over one or a few addi-

tional cell cycles, consistent with model 1, or very rapidly, consistent with

model 2. One regulator that promotes ternary complex decay is SEL‐10, an
F‐box member of the SCF E3 ubiquitin ligase complex involved in

proteasome‐mediated degradation of target proteins (Hubbard et al., 1997;

Spruck and Strohmaier, 2002). BothC. elegans and mammalian SEL‐10 bind
to the intracellular portion of the Notch receptor, leading to the model that

SEL‐10 negatively regulates Notch signaling by targeting GLP‐1(INTRA)

Notch for degradation by the proteasome (Fig. 4) (Gupta‐Rossi et al., 2001;

Hubbard et al., 1997; Oberg et al., 2001). However, sel‐10 mutants have not

aided in determining the importance of GLP‐1(INTRA) degradation in

regulating GLP‐1 Notch signaling in the proliferative zone because sel‐10
null mutants are wild type. However, genetic data indicate that SEL‐10 must

function redundantly with another factor to promote GLP‐1(INTRA) deg-

radation. Redundancy is inferred from sel‐10 null mutants being wild type

while a novel glp‐1 gain‐of‐function allele (q35), which should stabilize GLP‐
1(INTRA) due to a C‐terminal deletion of the PEST sequences implicated in

degradation of Notch homologs, has a multivulval phenotype (Hubbard

et al., 1997; Jager et al., 2004; Mango et al., 1991). Thus, much remains to

be learned about the spatial pattern of the GLP‐1 Notch signaling ternary

complex and genes that mediate its decay.

V. Regulation of the Activity of the GLD‐1 and
GLD‐2 Pathways

A. GLP‐1 Notch Signaling Control of GLD‐1 and GLD‐2 Pathway Activity

The GLP‐1 Notch signaling pathway represses the GLD‐1 and GLD‐2 path-
ways in the distal‐most germ line. As cells move proximally, GLP‐1 Notch

signaling is reduced allowing the GLD‐1 and GLD‐2 pathways to promote

meiotic entry and/or inhibit proliferation (Fig. 2). Since the activity of either

the GLD‐1 or GLD‐2 pathway is suYcient to induce meiotic entry, both

pathways must be simultaneously repressed to achieve proliferation. GLD‐1
appears to be regulated primarily through expression. GLD‐1 levels are very
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low at the distal‐most end and then progressively rise to a high level �20 cell

diameters from the distal end—the position where germ cells enter meiotic

prophase (Hansen et al., 2004b; Jones et al., 1996) (Fig. 5). The rise in

GLD‐1 level is roughly 20‐fold (Hansen et al., 2004b). Low GLD‐1 levels

at the distal‐most end appear to be necessary for these cells to remain

proliferative while high GLD‐1 levels appear to be suYcient for meiotic

entry. This is suggested by a gld‐1 gain‐of‐function allele with higher distal

GLD‐1 levels, which causes distal germ cells to prematurely initiate meiotic

Figure 5 Factors controlling GLD‐1 accumulation in the distal germ line. Top panel shows

two fluorescent photomicrographs of the same distal gonad of an adult hermaphrodite, with

DNA morphology from DAPI staining (blue) and GLD‐1 protein levels from staining with

anti‐GLD‐1 antibodies (red); surface view. The bottom panel is a graph showing the relative

accumulation pattern of GLD‐1 protein (red line) in adult hermaphrodites (Hansen et al.,

2004b). The factors controlling GLD‐1 accumulation are shown with inhibitory influences

depicted by a bar and promoting influences depicted with an arrow. GLP‐1 Notch signaling

inhibits GLD‐1 accumulation, partly through FBF and partly through an unknown factor(s).

The GLD‐2/GLD‐3 complex promotes GLD‐1 accumulation redundantly with NOS‐3. GLD‐1
levels are low in the distal end where GLP‐1 Notch signaling is highest. GLD‐1 levels are higher

more proximally where GLP‐1 Notch signaling is reduced, where FBF is no longer inhibiting

and where GLD‐2/GLD‐3 and NOS‐3 are free to promote GLD‐1 accumulation. See text for

details.
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development (Hansen et al., 2004b; Jones et al., 1996). GLP‐1 Notch signal-

ing inhibits the accumulation of GLD‐1 in the distal end; GLD‐1 levels are

elevated in the distal end of animals that lack glp‐1 activity (Hansen et al.,

2004b). This inhibition of GLD‐1 accumulation is posttranscriptional as

gld‐1 mRNA levels are equivalent in the glp‐1(þ) and glp‐1(�) backgrounds

employed (Hansen et al., 2004b).

Regulation of NOS‐3, GLD‐2, and GLD‐3 in the adult appears to be, in

large part, posttranslational. NOS‐3 levels are constant throughout the entire
distal arm of the germ line (Kraemer et al., 1999). GLD‐2 protein is found

throughout the germ line, but with moderately lower levels in the prolifera-

tive zone (Wang et al., 2002). GLD‐3 levels are highest in the transition zone,

flanked by slightly lower levels in the proliferative zone and pachytene region

(Eckmann et al., 2002). The increase in GLD‐2 and GLD‐3 levels as germ

cells progress from the proliferative to the transition zone is only a few fold,

in contrast to the �20‐fold increase in GLD‐1 levels, and thus would seem

unlikely to be suYcient to cause a switch from proliferation to initiation of

meiotic development.

The premature meiotic entry phenotype from loss of GLP‐1 Notch signal-

ing is most likely due to the ectopic activity of the GLD‐1 and GLD‐2 path-

ways in the distal end. Since GLP‐1 Notch signaling culminates in GLP‐1
(INTRA)–LAG‐1–SEL‐8/LAG‐3 complexes that are thought to transcrip-

tionally activate genes, and since gld‐1, gld‐2, nos‐3, and gld‐3 appear not to be
transcriptionally regulated in the distal end, inhibition of the GLD‐1 and

GLD‐2 pathways byGLP‐1Notch signalingmust be indirect. Instead, GLP‐1
Notch signaling likely activates the transcription of genes that, directly or

indirectly, inhibit the function of GLD‐1 and GLD‐2 pathway components.

B. FBF Functions Between GLP‐1 Notch Signaling and the GLD‐1 and
GLD‐2 Pathways

One pair of genes that function between GLP‐1 Notch signaling and the

redundant GLD‐1 and GLD‐2 pathways is fbf‐1 and fbf‐2 (fem‐3 binding

factor) (Crittenden et al., 2002; Lamont et al., 2004) (Figs. 5 and 6). These

two genes encode nearly identical proteins that are homologous to the

Drosophila translational regulator Pumilio (Zhang et al., 1997). FBF‐1 and

FBF‐2, collectively referred to as FBF, are largely redundant in their control

of germ line proliferation. In mutants lacking FBF activity, proliferative

germ cells enter meiosis prematurely. By the end of the L4 stage, at 20�C, all
proliferative cells have entered meiotic prophase (Crittenden et al., 2002).

The fbf‐2 promoter region contains four LAG‐1‐binding sites and its expres-

sion is altered in glp‐1 mutants; therefore, the activity of fbf‐2 is perhaps
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Figure 6 Additional genetic complexity regulating the proliferation–meiotic entry decision.

Superimposed on the core regulatory network (Fig. 2) are additional regulatory interactions,

primarily inferred from genetic analysis (see text for details). Positive interactions are shown

with arrows while negative or inhibitory interactions are shown with bars. GLP‐1 Notch

signaling promotes the activities of FBF, FOG‐1, and unknown factor(s) X. Currently, fbf‐2 is

the only known transcriptional target of GLP‐1 Notch signaling that promotes proliferation,

others almost certainly exist. FOG‐3 and FEM‐3 may also function with FOG‐1; however, since
their analysis is less complete they have not been included. FBF, FOG‐1, and X then inhibit the

activities of the GLD‐1 and GLD‐2 downstream pathways. In the case of FBF, gld‐1 and gld‐3
mRNAs are known targets of this repression. A third pathway is inferred to function in parallel

with the GLD‐1 and GLD‐2 pathways to inhibit proliferation and/or promote entry into

meiotic prophase. Genes that uniquely define the third meiotic entry pathway are not known. It

is unclear whether the third pathway is inhibited by FBF, FOG‐1, and/or X or if inhibition is

independent of these factors. The GLD‐1 pathway contains NOS‐3 and GLD‐1. NOS‐3
functions upstream of GLD‐1, promoting its accumulation. GLD‐1 likely represses the

translation of downstream target mRNAs that are necessary for proliferation; these targets

remain to be identified. The GLD‐2 pathway consists of GLD‐2 and GLD‐3 and, inferred from

genetic data, it is proposed that FBF is also part of the GLD‐2 pathway. GLD‐2 and GLD‐3
perhaps increase the stability or translatability of the mRNA targets that promote meiotic

entry; these targets remain to be identified. The GLD‐2/GLD‐3 complex either directly or

indirectly promotes the accumulation of GLD‐1 protein, functioning redundantly with NOS‐3.
How FBF acts both to promote proliferation by repressing the meiotic entry pathways and to

promote meiotic development by acting in the GLD‐2 pathway is unclear. ATX‐2 promotes

proliferation independent of GLP‐1 Notch signaling and is shown acting in parallel, although

not redundantly, with GLP‐1 Notch signaling. However, it is possible that ATX‐2 acts

downstream in opposition of the targets of one or more of the three meiotic entry pathways. A

number of the regulatory interactions shown are context (developmental stage, sex, or growth

temperature) specific. For example, the third meiotic entry pathway appears not to function

during larval development, FOG‐1 appears not to be required to promote proliferation in

hermaphrodites undergoing oogenesis and FBF appears not to be essential in animals grown at

25�C.
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directly regulated by GLP‐1 Notch signaling (Lamont et al., 2004). The

FBF protein binds to the GLD‐1 30 untranslated region (UTR) in vitro,

and GLD‐1 protein levels increase in the distal end of fbf‐1 single mutants

(Crittenden et al., 2002). Furthermore, the premature meiotic entry pheno-

type in fbf mutants is suppressed in animals heterozygous for a gld‐1 null

allele. Together these results demonstrate that FBF inhibits the accumula-

tion of the GLD‐1 protein. They further suggest that the premature meiotic

entry defect in fbf mutant animals is caused, at least in part, by increased

GLD‐1 activity in the distal end. Therefore, by reducing GLD‐1 levels by

half in a gld‐1 null heterozygote, GLD‐1 activity is lowered in the distal end

enough to allow for proliferation. All of this supports the model that FBF is

a direct link between GLP‐1 Notch signaling and the activity of the GLD‐1
pathway (Fig. 6).

Genetic data indicate that nos‐3 and fbf act in opposition, with nos‐3
possibly functioning in between fbf and gld‐1 (Hansen et al., 2004b). nos‐3
mutations suppress the premature meiotic entry defect in fbf mutants, sug-

gesting that NOS‐3 functions downstream of FBF (however, see later).

Expression analysis places NOS‐3 upstream of GLD‐1, promoting the ex-

pression of GLD‐1 (Hansen et al., 2004b) (Fig. 5; see later). Therefore, FBF

and NOS‐3 appear to work in opposition in controlling GLD‐1 accumula-

tion; FBF inhibiting GLD‐1 accumulation, and NOS‐3 promoting accumu-

lation (Fig. 5). FBF and NOS‐3 physically interact in vitro (Kraemer et al.,

1999). Both fbf and nos‐3 also regulate the switch from spermatogenesis to

oogenesis in the hermaphrodite, but unlike their relationship in regulating

proliferation in which they work in opposite directions, in controlling sex

determination they work in the same direction, promoting the female fate

(Kraemer et al., 1999; Zhang et al., 1997).

FBF appears to regulate the activity of the gld‐2 pathway through control

of GLD‐3 levels. FBF binds to the 30 UTR of gld‐3 and GLD‐3 levels

increase in larval fbf‐1 fbf‐2 double‐mutant males (Eckmann et al., 2004).

However, it is unclear how important this regulation is in the adult, where

the increase in GLD‐3 levels as germ cells progress from the proliferative to

the transition zone is only a few fold (Eckmann, 2004). FBF thus appears to

inhibit the GLD‐2 pathway by repressing GLD‐3 accumulation, but this

regulation may be restricted to larvae (Fig. 6).

FBF is the first identified direct link between GLP‐1 Notch signaling and

the downstream GLD‐1 and GLD‐2 pathways. However, genetic data indi-

cate that FBF cannot be the only link inhibiting these two pathways. With

respect to the GLD‐1 pathway, FBF cannot be the only transcriptional

target of GLP‐1 Notch signaling that inhibits GLD‐1 accumulation. First,

it must be remembered that the GLD‐1 pathway is suYcient for cells to enter

meiosis (meiotic entry is normal in a gld‐2 mutant); therefore, ectopic

GLD‐1 activity in the distal end should cause a strong premature entry into
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meiosis phenotype. Ectopic GLD‐1 activity is presumed to be the cause of

premature meiotic entry in a gld‐2; glp‐1 double mutant (Kadyk and Kimble,

1998). Premature meiotic entry in fbf mutants occurs much later than in

glp‐1 or gld‐2; glp‐1 mutants; only �16 sperm are formed in each gonad arm

of a glp‐1 mutant and �64 in a gld‐2; glp‐1 mutant, while �200 sperm are

formed in each gonad arm of an fbf mutant (Austin and Kimble, 1987;

Crittenden et al., 2002; Kadyk and Kimble, 1998). Second, in fbf mutants

grown at 25�C, the proliferative population is never fully depleted in adult

animals, demonstrating that fbf activity is not required to maintain prolifer-

ation in the adult at 25�C. glp‐1 activity is required to maintain proliferation

in adults at 25�C (Austin and Kimble, 1987). Since high GLD‐1 promotes

meiotic entry and GLP‐1 Notch signaling is inducing proliferation by

repressing GLD‐1 in larvae and adults at all temperatures, GLP‐1 Notch

signaling is perhaps promoting the transcription of another factor (X, in

Fig. 5) that acts directly or indirectly to repress GLD‐1 accumulation, at

least in larvae at 20�C and adults at 25�C when FBF is not essential.

C. FOG‐1, FOG‐3, and FEM‐3 Function Redundantly with FBF

As mentioned earlier, other factors must work with FBF in inhibiting the

downstream pathways. FOG‐1, FOG‐3, and/or FEM‐3 may act redundantly

with FBF in promoting proliferation (Fig. 6) (Thompson et al., 2005).

FOG‐1, FOG‐3, and FEM‐3 also are involved in regulating sex determina-

tion, with FOG‐1 and FOG‐3 promoting the male fate in the germ line, and

FEM‐3 promoting the male fate in the germ line and soma (Ellis and Schedl,

2006). FOG‐1 is a cytoplasmic polyadenylation element‐binding (CPEB)

protein, FOG‐3 belongs to the Tob family of proteins, and FEM‐3 is novel

(Ahringer et al., 1992; Chen et al., 2000; Jin et al., 2001; Luitjens et al., 2000).

Mutations in each of fog‐1, fog‐3, and fem‐3 enhance the larval fbf premature

meiotic entry phenotype suggesting that they function redundantly with fbf in

promoting proliferation, although most analysis has been performed with

fog‐1 (Thompson et al., 2005). Surprisingly, in contrast to the enhancement of

the fbf premature meiotic entry phenotype in fog‐1 null homozygotes, fog‐1
null heterozygotes suppress the premature meiotic entry phenotype, suggest-

ing that FOG‐1 function may switch in a concentration‐dependent manner

(Thompson et al., 2005). In germ lines undergoing spermatogenesis (early

larval hermaphrodites and males) FOG‐1 protein is detected at low levels in

the proliferative region that rises as cells enter meiotic prophase; FOG‐1
protein is not detected in adult hermaphrodite germ lines undergoing oogen-

esis (Thompson et al., 2005). These results suggest that FOG‐1’s function to

promote proliferation may be limited to early larvae and males. FBF was

found to inhibit FOG‐1 accumulation in early larvae (Thompson et al., 2005).

6. Proliferation–Meiotic Entry in Caenorhabditis elegans 205



The studies of FBF and FOG‐1 thus indicate that they function redundantly

downstream of GLP‐1 to inhibit proliferation in larvae. However, in adult

hermaphrodites at 25�C, there must be another factor that functions

redundantly with FBF to promote proliferation.

D. FBF‐1 and FBF‐2 Functions Are not Completely Redundant

Although fbf‐1 and fbf‐2 are largely redundant, they do have some unique

functions. For example, only fbf‐2 has LAG‐1–binding sites; fbf‐1 is perhaps
not directly regulated by GLP‐1 Notch signaling (Lamont et al., 2004).

FBF‐1 and FBF‐2 protein expression patterns support the model that fbf‐2 is

directly regulated by Notch signaling, while fbf‐1 is not. FBF‐2 is expressed

at its highest level in the distal end of the germ line where GLP‐1 Notch

signaling presumably is most active (Lamont et al., 2004). FBF‐1 expression

is lower in the first six cell diameters of the distal end and highest from

�6 to 20 cell diameters (Crittenden et al., 2002; Lamont et al., 2004). If

GLP‐1 Notch signaling transcriptionally activated fbf‐1, its protein levels

should not be lower in the first six cell diameters where GLP‐1 Notch

signaling is thought to be at its highest. fbf‐1 and fbf‐2 appear to regulate

each other through their 30 UTRs and are thought to fine‐tune the size of the
proliferative zone (Lamont et al., 2004).

VI. Additional Components and Pathways Regulating the
Proliferation–Meiotic Entry Decision

A. FBF May also Function in the GLD‐2 Pathway

A major surprise comes from genetic data suggesting that FBF may act in

the GLD‐2 pathway to promote meiotic entry (Fig. 6). While both GLP‐1
and FBF promote proliferation, they display the opposite interaction with

gld‐1 null. In gld‐1; glp‐1 null double mutants, germ cells prematurely enter

meiosis (Francis et al., 1995b). By contrast, gld‐1; fbf‐1 fbf‐2 null triple

mutants are tumorous due to a defect in meiotic entry (Crittenden et al.,

2002). This surprising result can be rationalized based on what we know

about the core proliferation–meiotic entry network (Fig. 2). gld‐1; glp‐1 null

double mutants prematurely enter meiosis because of high GLD‐2 pathway

activity in the absence of glp‐1 activity. Similarly, in the gld‐1; fbf‐1 fbf‐2 null
triple mutant, one would predict high GLD‐2 pathway activity in the ab-

sence of FBF, the mediator of GLP‐1 Notch signaling, which should then

result in premature meiotic entry. Even if FBF is not the sole inhibitor of the
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GLD‐2 pathway, there should at least be normal GLD‐2 pathway activity

near the transition zone resulting in normal meiotic entry, as is observed in

the gld‐1 null mutant. Instead, the gld‐1; fbf‐1 fbf‐2 null triple mutant has a

tumorous phenotype like the gld‐1 gld‐2 or gld‐1; gld‐3 null double mutants,

suggesting that the absence of fbf‐1 fbf‐2 is similar/equivalent to the absence

of gld‐2 or gld‐3. Thus, the simplest interpretation is that FBF functions in

the GLD‐2 pathway to promote meiotic entry (Fig. 6). Based on previous

studies (Hansen et al., 2004b; Kadyk and Kimble, 1998), if FBF functions in

the GLD‐2 pathway, then there are two predicted genetic interactions for fbf

mutations:

1. fbf‐1 fbf‐2 null should be synthetic tumorous with nos‐3 null. While the

fbf‐1 fbf‐2; nos‐3 null mutant is not tumorous, the premature meiotic entry

phenotype is suppressed such that adults have a proliferative zone followed

by meiotic entry at 20�C (Hansen et al., 2004b). [The fbf‐1 fbf‐2; nos‐3 null

triple mutant may not be completely tumorous because either nos‐3 or fbf

mutants, or both, may not completely eliminate the activity of their respec-

tive pathways. This possibility has previously been suggested for nos‐3
(Hansen et al., 2004b).] While this suppression was previously interpreted

as NOS‐3 functioning downstream of FBF in the regulation of GLD‐1
accumulation, it can also be interpreted as a synthetic interaction from

aVecting both the GLD‐1 and GLD‐2 pathways.

2. fbf‐1 fbf‐2 should not be synthetic tumorous with gld‐2 or gld‐3. The
gld‐2; fbf‐1 fbf‐2 and fbf‐1 fbf‐2; gld‐3 null mutants display the premature

meiotic entry phenotype, consistent with the three genes acting in the same

pathway.

If the above‐mentioned interpretation of the genetic results is correct, then

how can FBF act to both promote proliferation and promote meiotic entry?

One possibility is based on the finding that FBF‐1 and FBF‐2 are not fully

equivalent and that the combination of both transcriptional control and

cross‐regulation of FBF‐1 by FBF‐2, and vice versa, could lead to a switch

in the aggregate behavior of FBF‐1 FBF‐2 (Lamont et al., 2004). Another

possibility is that the activity of FBF or its mRNA targets might change as

germ cells progress proximally because of alterations in binding partners or

alterations in protein modifications.

B. Cross Talk Between the GLD‐1 and GLD‐2 Pathways

The GLD‐1 and GLD‐2 pathways do not function completely independent

of one another. GLD‐2 and GLD‐3 were found to promote the expression

of GLD‐1 protein, functioning redundantly with NOS‐3 (Figs. 5 and 6)

(Hansen et al., 2004b). The gld‐2; nos‐3 and the gld‐3; nos‐3 null double
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mutants have very low levels of GLD‐1 throughout the germ line compared

to wild type, while the single mutants show a similar pattern to wild type. It

should be noted that promoting GLD‐1 accumulation cannot be the only

function of GLD‐2/GLD‐3 in promoting meiotic entry because the pheno-

type of the gld‐1, gld‐2, and gld‐3 null single mutants are diVerent from each

other and from the gld‐1 gld‐2 and gld‐1; gld‐3 null doubles. Thus GLD‐2/
GLD‐3 promote GLD‐1 protein accumulation and separately promote

meiotic entry (Fig. 6).

C. A Third Pathway Downstream of Notch Signaling

If the GLD‐1 and the GLD‐2 pathways are the only meiotic entry promoting

activities downstream of GLP‐1 Notch signaling, then the expectation is that

the phenotype of full activation of GLP‐1 Notch signaling should be equiv-

alent to elimination of the GLD‐1 and GLD‐2 pathways that it represses.

Animals carrying two copies of the strong glp‐1 gain‐of‐function allele

oz112, and also carrying a wild‐type copy of glp‐1 on a free duplication,

have completely tumorous germ lines with no evidence of cells entering

meiotic prophase (Berry et al., 1997; Hansen et al., 2004a). However, in

gld‐1 gld‐2 null mutant adults, even though their germ lines are tumorous,

some cells have entered meiotic prophase (Hansen et al., 2004a). The nuclei

in these cells stain for the meiotic chromosome axis protein HIM‐3, whereas
in the strong glp‐1 gain‐of‐function mutants no HIM‐3 positive nuclei are

detected (Figs. 2 and 3) (Hansen et al., 2004a; Zetka et al., 1999). These results

indicate that there must be an additional activity(s) promoting meiotic entry

in the absence of the GLD‐1 and GLD‐2 pathways. This third pathway must

be downstream of GLP‐1 Notch signaling because it must be inhibited in

glp‐1(oz112gf) mutant animals. The third pathway is envisioned to act in

parallel to the GLD‐1 and GLD‐2 pathways (Fig. 6) (Hansen et al., 2004a).

At this point no genes are known that uniquely define the third pathway.

Additionally, it is possible that the third pathway is only important in the

adult, as all germ cells are proliferative in gld‐1 gld‐2 null mutant larvae

(Hansen et al., 2004a).

D. MOG Gene Products Act to Promote Meiotic Entry

The MOG‐1, MOG‐4, MOG‐5, and MOG‐6 proteins, originally identified

based on their roles in promoting the female fate in the hermaphrodite germ

line, are also involved in regulating the proliferation–meiotic entry decision

(Belfiore et al., 2004; Graham and Kimble, 1993; Graham et al., 1993). A

mutation in any one of the mog genes in animals that have reduced gld‐3
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activity causes a synthetic tumorous phenotype (Belfiore et al., 2004). This

tumorous phenotype is due to a meiotic entry defect and is epistatic to com-

plete loss of glp‐1 activity, suggesting that the MOGs function downstream

of GLP‐1 Notch signaling (M. Hanazawa and T. Schedl, unpublished

observations). The MOG proteins perhaps function in the GLD‐1 pathway

based on the synthetic tumorous phenotype of the mog; gld‐2 and mog; gld‐3
double mutants. However, they must also function elsewhere, possibly in the

third pathway, because gld‐1; mog double mutants also show synthetic over-

proliferation phenotypes (M. Hanazawa and T. Schedl, unpublished obser-

vations). MOG‐6 is a cyclophilin homolog (Belfiore et al., 2004). MOG‐1,
MOG‐4, and MOG‐5 are DEAH box RNA helicases that are orthologous to

yeast splicing factors PRP16, PRP2, and PRP22, respectively (Puoti and

Kimble, 1999, 2000). Therefore, the MOG proteins perhaps function in

mRNA splicing or some other aspects of mRNA metabolism. How the

MOG proteins aVect mRNA metabolism to promote meiotic entry remains

to be determined.

E. ATX‐2 May Promote Proliferation Independent of GLP‐1
Notch Signaling

All factors discussed thus far are thought to regulate the proliferation–

meiotic entry decision by either controlling, or being controlled by, GLP‐1
Notch signaling. However, atx‐2 appears not to fall into either of these

categories; it may promote proliferation, at least in part, independent of

GLP‐1 Notch signaling (Fig. 6) (Maine et al., 2004). ATX‐2 encodes a

protein homologous to the mammalian ataxin‐2 protein, which is thought

to be involved in RNA metabolism (Kiehl et al., 2000; Shibata et al., 2000).

Animals with reduced ATX‐2 activity have a reduced number of cycling cells

in the proliferative zone, suggesting that ATX‐2’s normal activity is to

promote proliferation (Ciosk et al., 2004; Maine et al., 2004). The gld‐1
gld‐2 null tumorous phenotype is partially suppressed by atx‐2(RNAi)

knockdown; a substantial number of germ cells enter meiotic prophase

compared to the gld‐1 gld‐2 null alone (Maine et al., 2004). This result

suggests that ATX‐2 may act downstream of the GLD‐1 and/or GLD‐2
pathways, may act downstream of GLP‐1 Notch signaling to repress the

third meiotic entry pathway, or may act in parallel to GLP‐1 Notch signal-

ing. atx‐2(RNAi) also substantially suppresses the gld‐1 gld‐2 tumorous

phenotype in the absence of glp‐1 activity [in gld‐1 gld‐2; glp‐1 atx‐2(RNAi)

mutants most germ cells have entered meiosis] indicating that ATX‐2 can

not act downstream of GLP‐1 Notch signaling to repress the third meiotic

entry pathway (Maine et al., 2004). atx‐2(RNAi) knockdown did not sup-

press the tumorous phenotype caused by constitutive activation of the strong
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glp‐1(oz112) gain‐of‐function mutant, where the activities of the GLD‐1,
GLD‐2, and third pathways should be fully repressed (Maine et al., 2004).

Together, these results suggest that ATX‐2 promotes proliferation indepen-

dent of GLP‐1 Notch signaling, acting in parallel. However, atx‐2(RNAi)

knockdown may have been ineYcient in the glp‐1 gain‐of‐function condition

leaving open the possibility that ATX‐2 promotes proliferation by opposing

the downstream meiotic entry output from the GLD‐1 and/or GLD‐2 path-

ways. In addition to its role in promoting proliferation, ATX‐2 also func-

tions to promote the female fate in the hermaphrodite germ line (Ciosk et al.,

2004; Maine et al., 2004).

F. Connection Between the Proliferation–Meiotic Development Decision
and Germ Line Sex Determination

Many of the genes that function in the proliferation–meiotic entry decision,

with the exception of the canonical GLP‐1 Notch cascade, also function in

the germ line sex determination pathway (Ellis and Schedl, 2006). However,

gene products that promote proliferation can either specify the female fate

(e.g., ATX‐2) or the male fate (e.g., FOG‐1), and genes that promote meiotic

entry can either specify the female fate (e.g., NOS‐3) or the male fate (e.g.,

GLD‐1). Thus, it is unclear if there is an intimate connection between the

two decisions or if these genes, because they encode mRNA regulators that

are likely to have many targets with diverse function, are just pleiotropic.

VII. Conclusions

In the reproductive strategy of a given species, control of the proliferation–

meiotic entry decision is important for the production of a suYcient number of

gametes at the appropriate times. In C. elegans, a large population of

proliferative cells is maintained and gametes are produced throughout

adulthood. The balance between proliferation and meiotic entry is controlled

spatially with cells close to the DTC proliferating and cells further away

entering and then progressing through meiotic prophase. GLP‐1 Notch

signaling polarizes the germ line, with high levels of signaling at the distal end,

near theDTC.GLP‐1Notch signaling promotes proliferation by inhibiting the

redundant GLD‐1 and GLD‐2 mRNA regulatory pathways, which promote

meiotic development.As germcellsmove proximally,GLP‐1Notch signaling is

reduced, allowing the GLD‐1 and GLD‐2 pathways to promote meiotic devel-

opment. This core proliferation–meiotic entry network, consisting of canonical

GLP‐1Notch signaling inhibiting theGLD‐1 andGLD‐2 pathways, appears to
function under all tested conditions (postembryonic developmental stage, sex,

and standard growth temperatures). Additional factors are also involved in
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regulating this decision; however, their regulatory relationships relative to the

core network and each other are muchmore complex because: (1) some appear

tobe active only under certain conditions; (2) someact inmore thanoneplace in

the network; (3) some appear to both promote proliferation and promote

meiotic development; and (4) some are involved in cross or feedback regulation.

Other factors regulating this decision are inferred to exist but remain to be

identified. Perhaps the complexity of the noncore genes is an indication that

they may function in modulation of the proliferation–meiotic entry decision

depending on conditions, such as environment. While further genetic screens

will likely uncover new players, additional experimental approaches will be

necessary.Many of the gene products acting in the network aremRNAbinding

proteins and/or function inmRNAmetabolism. Therefore, it will be important

to identify themRNAtargets of these regulators to furtheruncover and connect

the processes controlled by the proliferation–meiotic entry network.With all of

the insights we have gained regarding the proliferation–meiotic entry decision,

it is still unclear whether the proliferative zone is composed of a single stem cell

population or a small set of stem cells that progress to a larger group of transit

amplifying cells and how the spatial control of GLP‐1 Notch signaling might

dictate one or the other pattern.
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